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 Classified in the Lissamphibia, modern amphibians are the only non-amniote 
tetrapods living today. They consist of three morphologically distinct groups: the tailless 
frogs and toads (Anura), the limbless caecilians (Gymnophiona), and the tailed 
salamanders and newts (Urodela). With 205 species, the caecilians are highly specialized 
worm-like forms that live a fossorial lifestyle, with a relatively narrow distribution in the 
tropic rainforests of South America, Africa and Asia (Duellman and Trueb, 1994; 
Amphibiaweb, 2015). Salamanders, with 683 species, are widely distributed in the North 
America, Asia and Europe, with a few plethodontids extending to Central and South 
America (Duellman and Trueb, 1994; Amphibiaweb, 2015). Frogs are the most diverse 
amphibian groups, with 6644 species distributed over all continents except Antarctica 
(Duellman and Trueb, 1994; Amphibiaweb, 2015). Both frogs and salamanders develop a 
wide array of lifestyles, ranging from terrestrial, aquatic, fossorial to aboreal lifestyles 
(Duellman and Trueb, 1994). During ontogeny, amphibian larvae usually undergo a 
drastic post-embryonic shift into an adult form, a term known as metamorphosis. In 
salamanders, another developmental pathway – neoteny – also occurs, in which the larval 
morphology is retained in sexually mature adults (Duellman and Trueb, 1994; Rose, 
2003). Because of the diverse lifestyles and developmental pathways, frogs and 
salamanders are often used as model systems in many fields of biology (e.g., evo-devo).  
	  
 Over a century, but especially in the past two decades, a wealth of frog and 
salamander fossils has been discovered from the Mesozoic and Cenozoic of East Asia 
(e.g., Noble, 1924; Young, 1936; Borsuk-Bialynicka, 1978; Gao, 1986; Dong and Wang, 
1998; Gao and Shubin, 2001, 2003, 2012; Gao and Wang, 2001; Gao and Chen, 2004; 
Wang and Rose, 2005; Wang and Evans, 2006b; Zhang et al., 2009; Chen et al., 2016; 
this study). Some of these fossils represent the earliest members of many crown clades, 
including the earliest crown salamanders from the Middle Jurassic (~165 Ma, Gao and 
Shubin, 2003), the earliest salamandroid from the Late Jurassic, the earliest sirenid from 
the Late Jurassic (this study), and the earliest spadefoot toads from the late Paleocence 
(Chen et al., 2016). Other fossils also bear important anatomical, temporal and 
geographical information in understanding their evolution. Unfortunately, the importance 
of many of these fossils remains obscure in a phylogenetic context. For example, an 
early-middle Oligocene Mongolian spadefoot toad Macropelobates osborni (Noble, 
1924) was discovered outside the current distribution of spadefoot toads, yet its 
phylogenetic position and its implication on spadefoot toad biogeography remain not well 
understood. 
 A major reason for the poor understanding of these fossils can be attributed to a 
trend of dichotomy between morphological and molecular phylogenies on amphibians. 
Whereas morphologists and paleontologists sometimes use a relatively small 
morphological dataset to reconstruct relationships (e.g., Gao and Shubin, 2012; Henrici, 
2013), large-scale phylogenies are almost always conducted with molecular data with 
only living taxa (e.g., Roelants and Bossuyt, 2005; Pyron and Wiens, 2011). Very few 
studies on amphibian phylogeny have combined morphological and molecular data 
	  
together, and even fewer also combined fossils. Because of this, the positions of many 
important fossils remains unclear, and the evolutionary scenarios inferred from only 
living species can sometimes be inconsistent with fossil evidence.  
 In this thesis, I adopt a total-evidence approach to understand the evolution of 
amphibians, especially frogs and salamanders. I will incorporate information from fossils, 
morphology and molecules together to reconstruct the relationships. Compared with 
studies with each individual datasets, this approach incorporates all available data in a 
single analysis, with a goal to reach robust and congruent results that allow further 
discussions on character evolution and biogeographic reconstruction. The inclusion of 
fossils directly into the combined analysis provides the time dimension that is 
independent from molecular data (Norell, 1992). The anatomical combination of fossils 
can represent intermediate forms that help to solve the  “long branch” problems caused 
by highly specialized modern taxa. The morphological dataset, despite its much smaller 
size with molecular data, is the only link between fossils and modern taxa. The inclusion 
of key morphological characters in both reconstructing phylogenetic hypotheses and 
examining character evolution provide consistent results that allow discussion on the 
homology/homoplasy of a certain character without ambiguity. The molecular sequence 
data provides overwhelmingly large data on modern taxa for phylogenetic reconstructions 
compared with morphological data, which helps to reach a robust hypothesis. Although 
fossils contain no molecular data, the inclusion of molecular sequence data into the 
combined analysis does have an effect on the positions of fossil taxa. By altering the 
relationship “framework” of modern taxa, the character optimization of fossils and other 
taxa of a combined analysis also varies compared with results of morphology-only 
	  
analysis, thus changing the positions of fossils. In the following five chapters, I will 
describe a number of fossil amphibian species, reconstruct three combined phylogenies, 
and use the results for discussions on character evolution and biogeography. 
 In Chapter 1 and Chapter 2, I focus on a frog clade called spadefoot toads (Anura: 
Pelobatoidea). In Chapter 1, I provide descriptions on three important fossil spadefoot 
toads from the Cenozoic of East Asia and North America: Macropelobates osborni from 
the early-middle Oligocene of Mongolia, Prospea holoserisca from the latest Paleocene 
of Mongolia, and Scaphiopus skinneri from the middle Oligocene of the United States. In 
Chapter 2, I conduct a combined phylogenetic analysis of archaeobatrachian frogs, and 
discuss the evolution of the bony spade and the historical biogeography of spadefoot 
toads based on the results of the phylogeny. 
 In Chapter 3, I describe a new fossil frog from the Early Cretaceous of Inner 
Mongolia, China. The unique morphology of the new fossil is distinct from previous 
Early Cretaceous frogs from the Jehol Biota of China. Results of the combined analysis 
show that the new frog represents a basal member of the Pipanura. Comparisons between 
the Early Cretaceous frogs from China, Spain and Brazil show a high diversity of species 
coupled with a high degree of endemism during the Early Cretaceous. I discuss in the 
phylogenetic context how early frogs gradually reach their postcranial body plan with a 
shortened vertebral column, loss of ribs, and specialized pelvic regions.  
 In Chapter 4, I provide a brief review of Mesozoic fossil salamanders from 
northern China, and describe a new fossil from the Late Jurassic of Liaoning Province, 
China. I conduct a combined phylogeny of higher-level relationships of salamanders. The 
new fossil, despite its general-looking appearance, represents a basal member of the 
	  
highly specialized eel-like neotenic family Sirenidae on the cladogram. I discuss 
character evolutions in the Sirenidae, and how the neotenic developmental pathway 
evolved in early salamanders. 
 In Chapter 5, I conduct a combined phylogenetic analysis of the salamander 
suborder Cryptobranchoidea, consisting of the neotenic giant salamanders 
(Cryptobranchidae) and the metamorphic Asiatic salamanders (Hynobiidae). The new 
morphological matrix includes new characters that were previously less sampled in the 
hynobranchial region. The monophyly of the Hynobiidae are confirmed by the new 
analysis, and four unequivocal synapomorphies are found for the clade. An S-DIVA 
biogeographic reconstruction is conducted to disscuss the distributional patterns of the 
Hynobiidae.
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Chapter 1 Fossil spadefoot toads (Pelobatoidea) from East Asia and North America 
 
Introduction 
 Frogs are the most diverse amphibian clade on Earth today with over 6500 species 
(Amphibiaweb.org, 2015). They are not only specious, but are also geographically 
widespread and ecologically diversified. Distributed in all continents except Antarctica, 
they evolved into terrestrial, aquatic, fossorial, and arboreal lifestyles in a large variety of 
environments. Understanding how they reached such evolutionary success and how they 
became adapted into various environments can be challenging, as it requires multiple 
lines of evidence – e.g., anatomy, genetics, reproductive biology, systematics, physiology 
and fossils. Among those, fossils represent a unique role in providing otherwise 
unavailable anatomical, temporal, geographical, and ecological (in rare cases) 
information in deep time, supplementing or even revising our understanding on how 
evolution of frogs occurred. Although the information fossils provide may be 
fragmentary and biased when studied alone, it becomes much more robust when 
combined with information from modern species and phylogeny. 
 In this chapter and the next, I focus on a group of frogs called Pelobatoidea, and 
look into how fossils, combined with information from modern species (morphology and 
molecules) and phylogeny, enhance our understandings on their evolution and 
distribution. Commonly known as “spadefoot toads”, Pelobatoidea are one of the best-
known examples of fossorial frogs, with species inhabiting some of the most arid 
environments where amphibians can survive (Duellman and Trueb, 1994). They consist 
of four families: Pelobatidae, Pelodytidae, Megophryidae, and Scaphiopodidae. 
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Spadefoot toads gained their name because members of two families (Pelobatidae and 
Scaphiopodidae) bear a distinct bony spade (an enlarged metatarsal prehallux) on their 
foot used in hindlimb burrowing. The burrowing behavior associated with the enlarged 
bony spade was assumed to relate to living in arid environments (Zweifel, 1956; Bragg, 
1961). Other modern pelobatoids (Pelodytidae and Megophryidae) and some extinct 
species (e.g. Eopelobates), however, do not possess this enlarged spade.    
Geographically, modern spadefoot toads are distributed all across the Holarctic 
continents except East Asia. Of the four living families, the Megophryidae are distributed 
in Southeast Asia and southern China, the Pelobatidae and Pelodytidae are in Europe, and 
the Scaphiopodidae are in North America (Figure 1-1). A few fossil pelobatoids, 
however, have been discovered from East Asia (Noble, 1924; Borsuk-Bialynicka, 1978; 
Gao, 1986). The role of East Asia in the evolution of the Pelobatoidea has been 
controversial, opinion varying from the “center of origin” for pelobatoids (Noble, 1924) 
to being almost ignored (Roelants and Bossuyt, 2005). This dichotomy is due to two 
reasons. First, the Asian fossil pelobatoids are understudied, with their description 
outdated and their relationships with other pelobatoids unclear in a phylogenetic context. 
Second, the interrelationships of Pelobatoidea as a clade are not congruent between 
molecular and morphological phylogenies. The enlarged bony spade was assumed to be 
homologous and a diagnostic character for fossorial pelobatoids (Pelobates, Spea and 
Scaphiopus) in almost all morphological phylogenies (e.g., Estes, 1970; Cannatella, 
1985; Duellman and Trueb, 1994; Maglia, 1998; Henrici et al., 2013), but the homology 
of the enlarged spade has been questioned by molecular phylogenies, in which Pelobates 




Figure 1-1 Distribution of living and fossil spadefoot toads (Anura: Pelobatoidea). The 
colored areas represent the distribution of living families: Pelobatidae (yellow), 
Megophryidae (blue), Pelodytidae (green), and Scaphiopodidae (red). The dots and 
numbers represent fossil occurrences: 1. Prospea holoserisca (late Paleocene); 2. 
Macropelobates osborni (middle Oligocene); 3. Scaphiopus skinneri (middle Oligocene); 
4. Scaphiopus guthriei (early Eocene); 5. Elkobatrachus brocki (middle Eocene); 6. 
Aerugoamnis paulus (early Eocene); 7. Eopelobates deani (middle Eocene); 8. 
Eopelobates anthracinus (late Oligocene); 9. Eopelobates grandis (late Eocene); 10. 
Eopelobates bayeri (early Oligocene-middle Miocene); 11. Tephrodytes brassicarvalis 
(late Oligocene); 12. Pelobates decheni (early Miocene).
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Scaphiopus (Garcı́a-Parı́s et al., 2003; Roelants and Bossuyt, 2005; Frost et al., 2006; 
Zhang et al., 2013). To understand the relationships and explain the distribution patterns 
of spadefoot toads, I will provide detailed re-descriptions of important fossil spadefoot 
toads (this chapter), and perform combined phylogenetic analyses and quantitative 
biogeographic analyses (chapter 2).   
 In this chapter, three important, yet understudied fossil species from East Asia 
and North America are studied based on both traditional microscopic observation and 
three-dimensional CT reconstructions, with an emphasize on how their morphology 
relates to other pelobatoids. Two of the fossils are from Mongolia, both discovered by 
researchers from the American Museum of Natural History, one in the 1920s and one in 
the 2000s. Macropelobates osborni from the Oligocene of Mongolia is the first fossil 
pelobatoid discovered from East Asia, named and originally described by Noble (1924). 
Over the years, the phylogenetic position and the geographical role of this fossil in 
pelobatoid evolution varied significantly (see “study history” below), both due to the 
findings of geologically older fossils from other continents and due to the outdated 
descriptions of this fossil in a non-cladistic context (the latest detailed description was 
provided by Roček, 1982, where similarity instead of shared derived characters were used 
to determine its relationships with other pelobatoids). It is therefore necessary to provide 
an updated description and a re-examination of this important fossil. Prospea holoserisca 
is a new fossil pelobatoid discovered from the late Paleocene of Mongolia by the AMNH-
MAS joint expedition.  It was briefly described and discussed in Chen et al. (2016), in 
which it is diagnosed as a member of the North American Scaphiopodidae, as the earliest 
and only member of the clade in East Asia. Here I provide a more detailed description of 
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this important fossil. Scaphiopus skinneri is from the middle Oligocene of North Dakota, 
US. As one of the best-preserved scaphiopodids with a three-dimensional skull and 
skeleton, the fossil was surprisingly overlooked over the years, ever since its original 






AMNH, American Museum of Natural History; IGM, Institute of Geology, Mongolia; 
MAS, Mongolian Academy of Sciences. 
 
Anatomical 
atl, atlas; clv, clavicle; cp, carpal; cor, coracoid; dp.sac, sacral diapophysis; fem, femur; 
fib, fibulare; frp, frontoparietal; hu, humerus; ili, ilium; isch, ischium; mt, metatarsal; 
mx, maxilla; na, nasal; pcp.vom, postchoanal process of vomer; phl, phalange; pmx, 
premaxilla; pra, prearticular; prhx, prehallux; pro, prootic; ps, parasphenoid; pty, 
pterygoid; r.sph, rhomboid area of sphenethmoid; ru, radioulna; sac, sacrum; sc, scapula; 
sp.fl, supraorbital flange; sph, sphenethmoid; sq, squamosal; st, stapes; tib, tibiale; ti.fib, 




Amphibia Linnaeus, 1758 
Anura Rafinesque, 1815 
Pelobatoidea Bolkay, 1919. 
Pelobatidae Bonaparte, 1850 
 
Macropelobates osborni Noble, 1924 
 
Holotype – AMNH 6252, an incomplete skeleton (Figure 1-2). 
 
Type locality and horizon – This fossil was discovered from the Hsanda Gol Formation, 
Tsagan Nor Basin, Mongolia. The age of the fossil was originally thought to be early 
Oligocene (Noble, 1924), but was later revised to be approximately the boundary 
between early and middle Oligocene (Roček, 1982). 
 
Diagnosis – A pelobatid with the following combination of derived characters: 
sphenethmoid exposed dorsally between nasal and frontoparietal, frontoparietal azygous, 
frontoparietal-squamosal contact absent, pitted dermal sculpture on frontoparietal and 
squamosal, presacral centrum dorso-ventrally compressed, sacral diapophysis expanded 
with straight lateral edge, monocondylar articulation between sacrum and urostyle, 






Figure 1-2 Holotype of Macropelobates osborni (AMNH 6252): left, dorsal view; right, 
ventral view.  
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Study History – The fossil was discovered during the Third Asiatic Expedition of the 
AMNH during the 1920s, and was named and first described by Noble (1924). Because it 
was by then the earliest fossil pelobatoid, Noble (1924) believed Macropelobates osborni 
to represent the most primitive pelobatoid, and that the Pelobatoidea as a clade originated 
in East Asia. Zweifel (1956) followed Noble’s opinion when discussing fossil pelobatoids 
and their evolution. Estes (1970) first pointed out that the age of Macropelobates osborni 
was too young to represent the most primitive pelobatoids, and instead, thought that it 
might represent a basal member along the Pelobates lineage. Roček (1982) provided a re-
description of Macropelobates osborni, and tentatively grouped it within North American 
family Scaphiopodidae rather than European Pelobatidae. This assertion, however, was 
based on overall similarity (rather than synapomorphies) and paleo-geographic scenario. 
Henrici (1994) questioned Roček (1982), and placed Macropelobates as a basal pelobatid 
following her morphological phylogeny of spadefoot toads, a conclusion similar to Estes 
(1970). Chen et al. (2016), with a combined dataset of morphological and molecular 
information, supported Macropelobates osborni as a basal pelobatid.  
 
Description  
 Macropelobates osborni is represented only by the holotype (Figure 1-2). It is a 
fairly well preserved skeleton with some missing bones and dislocations. The size of the 
taxon is comparable to modern spadefoot toads, and significantly larger than the other 
Mongolian fossil pelobatoid Prospea holoserisca.   
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Skull and Mandible – The nasal is not preserved on the holotype. However, the 
articulation surface with the nasal is preserved on the sphenethmoid (Figure 1-2). Based 
on the shape of this articulation surface, the nasal is probably crescent-shaped, and 
articulates along the midline. It is unclear whether the nasal has a straight or concave 
anterolateral edge. Posteriorly, the nasal probably does not reach the frontoparietal, as 
evident by the exposed smooth dorsal surface of sphenethmoid.  
 The frontoparietal is a massive azygous dermal bone covering the skull roof 
(Figure 1-2), similar to modern Pelobates. In other spadefoot toads, the frontoparietals 
are paired. Roček (1981, 1982) thought that the frontoparietal in Macropelobates osborni 
is paired posteriorly, as there is a ‘notch’ along the midline that was interpreted as the 
suture. The scanned digital reconstruction, however, shows that this line is only on the 
surface of the bone, and is more likely to represent a crack due to preservation rather than 
a bone suture. The left side preserves a more complete lateral edge of the frontoparietal, 
which is clearly broadened at the mid-length to form a supraorbital flange (Figure 1-2). 
Posteriorly, the frontoparietal lacks the lateral wing (margo prootica), but has two small 
posterior projections (processus paraoccipitalis in Roček, 1982, but see Henrici et al., 
2013 for homology). Pitted dermal sculpture is present on the entire dorsal surface of the 
frontoparietal. 
 The left squamosal is well preserved, but is dislocated on the holotype (Figure 1-
2). The otic ramus is elaborated into a plate, with the same pitted sculpture on the lateral 
surface as on the frontoparietal. The otic plate does not meet the frontoparietal but abuts 
the prootic, different from modern Pelobates in which the two bones articulates to form 
the dermal roof. The zygomatic ramus is poorly developed, indicating that the squamosal-
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maxilla articulation is probably absent. The ventral ramus of the left squamosal is long, 
extending anteromedially on the holotype due to dislocation. 
 The sphenethmoid is partially broken off anteriorly and on the right side (Figure 
1-2). The septum nasi is well ossified, forming the medial wall of the nasal capsule. 
Although broken on the right side, a well-developed lateral process of the sphenethmoid 
is evident on the left side. Posterior to the septum nasi is a smooth rhomboid area, 
probably exposed on the dorsal surface in its original configuration. The vomer, 
parasphenoid, and pterygoid are not well exposed on the holotype to allow descriptions. 
 The right prootic is in position (Figure 1-2). It is overlapped by the frontoparietal 
medially, and preserves the fenestra ovalis laterally. The left stapes is well preserved with 
an expanded medial cap and an elongate stylus (Figure 1-2). No operculum is preserved 
on the holotype. 
 No premaxilla can be identified from the holotype. The left maxilla is preserved, 
but was injected underneath the sphenethmoid due to dislocation. Judging from the 
exposed part, it is dorso-ventrally deep. No quadratojugal can be identified. 
 The dentary is not preserved, but the prearticular is preserved on either side. It is 
essentially a straight bone, with a groove on the dorsal surface for the Meckel’s element. 
Posterolaterally, a flattened articulation surface is present articulating with the squamosal 
and pterygoid.    
       
Postcranial Skeleton – The atlas is not present on the holotype. The second presacral 
vertebra is exposed in dorsal view, the transverse processes of which are long and robust 
with an expanded distal end (Figure 1-2). The third presacral vertebra is dislocated, 
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appearing on the left side medial to the femur (Figure 1-2). The transverse processes of it 
are less developed than those of the second. The centrum of it is extremely compressed 
dorso-ventrally. No ribs are associated with either of the vertebrae. The fourth presacral 
vertebra is probably missing. Presacral vertebrae V-VIII are well exposed in ventral view 
(Figure 1-2). The centra are clearly procoelous, and are slightly compressed dorso-
ventrally as in the fourth vertebra. The transverse processes of these posterior vertebrae 
are directed more anterolaterally than laterally, as typical of all pelobatoids. The sacrum 
is seen in ventral view. The length of the sacral centrum is slightly shorter than that of a 
presacral vertebra. The sacral diapophysis is greatly dilated to form a wing-shaped plate 
(Figure 1-2). The posterior expansion of the diapophysis is greater than the anterior 
expansion, and the lateral edge is roughly straight. The degree of the expansion and the 
overall shape of the diapophysis are shared with Pelobates; the diapophysis of 
scaphiopodids is less expanded with a convex lateral edge to form a hatchet shape. 
Unlike modern pelobatoids, the urostyle is not fused with the sacrum, but bears a 
monocondylar articulation with the latter. The length of the urostyle is shorter than the 
combined length of the presacrals, similar to modern Pelobates. No transverse processes 
are seen on the urostyle. The main shaft of the urostyle does not bear a distinct dorsal 
crest, but is nevertheless medio-laterally compressed.  
 The preserved part of the pectoral girdle consists of both scapulas, a clavicle and 
both coracoids. The left scapula is dislocated and appears underneath the left prearticular 
on the holotype (Figure 1-2). The right scapula is more in-situ, sitting ventrolaterlly to the 
right prootic (Figure 1-2). The medial head of the scapula is forked, and the anterior edge 
is relatively straight. Both coracoids are preserved, but are dislocated to the right anterior 
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to the right prearticular. The lateral head of the coracoid is more expanded than its medial 
head. The shaft of the coracoid is slightly curved. A clavicle is preserved close to the two 
coracoids, but is mostly concealed expect for an unexpanded lateral head. Judging from 
the shape of the lateral head, the clavicle probably does not overlap the scapula 
anteromedially, but has a single abutting articulation with the latter.  
The left humerus is partially preserved and best seen in the ventral view, missing 
the most proximal part (Figure 1-2). It has a well-ossified bulbous distal condyle. The left 
radioulna is also preserved. No carpals, metacarpals or phalanges are preserved. 
 The pelvic girdle consists of the ilium, ischium and the ossified pubis. The pelvic 
girdle is mostly in articulation, but as a whole shifts forward and sits underneath the trunk 
(Figure 1-2). The ilium is long and curved, bearing a sliding articulation with the sacral 
diapophysis anteriorly. The main shaft of the ilium lacks a dorsal crest. Posteriorly, the 
ilium articulates with the ischium and pubis in the acetabular region. The ilium bears a 
prominent dorsal expansion over the ischium, but lacks a prominent dorsal tubercle. The 
ishium forms the posterior part of the acetabulum, and has a long posterior projection. 
The ventral edge of the ossified acetabulum is complete, indicating that the pubis is 
ossified, but the suture between the pubis and the ischium is indistinguishable.    
 The femur is almost equal in length with the tibiofibula. It is slightly sigmoidal. A 
long but low ventral crest develops close to the proximal end. The tibiofibula is 
essentially straight, and is grooved on both ends. The tibiale and fibulare remain separate 
bones without any fusion. An enlarged triangular prehallux is preserved on its left foot 
(Figure 1-2). The five toes are also partially preserved.      
 
13	  
Scaphiopodidae Cope, 1865 
 
Prospea holoserisca Chen et al., 2016 
 
Holotype – IGM 2/001, a nearly complete specimen preserved as part and counterpart in 
grey sandy clay (Figure 1-3a). The rock matrix was later removed and the specimen was 
embedded in resin (Figure 1-3b). The two halves of the holotype were combined digitally 
to reconstruct the whole skeleton (Figure 1-4). 
 
Type Locality and horizon – The fossil was discovered at the “frog quarry”, Tsagaan 
Khushuu, Nemegt Basin of the southern Gobi Desert, Mongolia. It is the first frog fossil 
from this locality. The fossil is preserved in the grey lacustrine sandy clay of the upper 
phase of the Naran Member, Naranbulak Formation. Biostratigraphic correlation based 
on mammalian fossils shows that the Naran Member is temporally equivalent to the 
Clarkforkian stage of North America (56.8~55.4 Ma) (Dashzeveg, 1988). Conformably 
overlapping the Naran Member, the red beds of the Bumban Member are equivalent to 
the Wasatchian stage of North America (55.4~50.3 Ma) (Dashzeveg, 1988). This 
framework places the frog fossil in the latest Paleocene, time equivalent to the 
Clarkforkian stage of North America at around 56 Ma. This makes Prospea holoserisca 
geologically the oldest pelobatoid so far, older than the oldest North American 






Figure 1-3 Holotype of Prospea holoserisca (IGM 2/001): a: the original specimen in 
rock matrix and jackets before preparation, preserved in part and counterpart; b: the 
specimen in ventral and dorsal view after the matrix was removed by Amy Davidson, 
AMNH. (from Chen et al., 2016) 
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Diagnosis – This fossil taxon is assigned to the Scaphiopodidae based on the 
combination of the following characters: medial fontanelle between the frontoparietals 
present, supraorbital flange of the frontoparietal present, squamosal unsculptured, 
vertebrae procoelous, lateral margin of the sacral diapophysis convex, sacrum-urostylar 
articulation monocondylar, bony sternum absent, tibiale and fibulare fused proximo-
distally, and metatarsal prehallux (bony spade) enlarged. It is unique within 
theScaphiopodidae in that the spade is triangular, instead of scaphoid as in Scaphiopus, or 
cuneiform as in Spea. 
 
Study History – This new species was discovered during the AMNH-MAS joint 
expedition in 2000, and was first reported by Chen et al. (2016). Found outside of the 
distribution of its living relatives, this fossil scaphiopodid nevertheless resembles modern 
scaphiopodids in morphology, especially with Spea.  
 
Description  
Prospea holoserisca is a medium-sized frog, with a snout-pelvis length of 25 mm. 
The holotype is preserved in two halves, embedded in resin after having the original rock 
matrix removed from the specimen (Figure 1-3b). It is much smaller than extant 
burrowing spadefoot toads (Spea, Scaphiopus and Pelobates) and most fossil spadefoot 
toads. Despite its small size, the ossification of carpal elements and humeral condyle 






Figure 1-4 Digital reconstruction of the holotype of Prospea holoserisca (IGM 2/001) 
based on high-resolution CT scanning. The part and counterpart of the specimen was 
digitally joined together. Red color highlights the enlarged prehallux (bony spade). (from 
Chen et al., 2016) 
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Skull and Mandible – The skull is unsculptured and slightly longer than wide. Only the 
right nasal is preserved on the holotype, sitting dorsal to the solum nasi of the 
sphenethmoid and forming the roof of the nasal capsule. The nasal is roughly triangular, 
with a straight anterolateral edge. The posterolateral end of the nasal contacts the maxilla.  
There is no sculpture on the dorsal surface of the nasal, similar to Spea but different from 
Scaphiopus. The rostral process of the nasal is developed as a distinct anterior projection 
towards the premaxilla. Judging from the relative position of the preserved right bone, the 
two nasals do not meet each other along the midline, separated by the medial wall 
(septum nasi) of the sphenethmoid. This condition is probably derived, also seen in Spea 
bombifrons but absent in almost all other spadefoot toads.  
 The paired frontoparietal sits posterior to the nasals. It does not articulate with the 
nasals, leaving a large area of sphenethmoid exposed dorsally. The width of the 
frontoparietal is relatively narrow, with a large medial fontanelle present between the two 
bones, similar to modern Spea. The dorsal surface of the frontoparietal lacks sculpture, 
but a bulbous projection is evident at around the mid-length of the bone. The lateral 
margin of the frontoparietal forms a supraorbital flange overhanging the orbit, best seen 
from the ventral view (Figure 1-4a). This is a synapomorphy shared with all other 
pelobatoids. Posterolaterally, the frontoparietal is slightly expanded to form a lateral 
process (margo prootica) dorsal to the prootic. Roček (1981) stated that the azygous 
frontoparietal of Pelobates is ontogenetically fused by three elements: the two lateral 
bones and a ‘posteromedian element’. There is no evidence of such a posteromedian 
element in Prospea holoserisca.    
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 The squamosal is tri-radiate with three rami (Figure 1-4b). The zygomatic ramus 
extends anteriorly towards, but does not contact, the maxilla. This is different from Spea 
where the zygomatic ramus is absent, and from Scaphiopus in which the zygomatic 
ramus contacts the maxilla. The otic ramus of the squamosal is dorso-ventrally flat and 
smooth, resembling Spea; medially it abuts the prootic. In Scaphiopus and Pelobates, the 
otic ramus of the squamosal is elaborated to form a bony plate with sculpture on its outer 
surface. The ventral ramus of the squamosal extends posteroventrally to overlap the 
pterygoid.  
 As typical of pelobatoids, the sphenethmoid is well developed (Estes, 1970). The 
septum nasi is completely ossified, and forms the medial wall of the nasal capsule (Figure 
1-4b). Both the anterior and lateral processes are well developed, separated by a deep 
emargination in the choanal region (Figure 1-4a). The lateral process articulates with the 
maxilla. The capsular process (sensu Estes, 1970, =anterolateral process) is also 
developed as a small process in between the anterior and lateral processes. Posteriorly, 
the sphenethmoid is overlapped by the frontoparietal. 
 The vomer of Prospea holoserisca is incompletely preserved. The left vomer is 
not preserved. The plate of the right vomer is partially preserved (Figure 1-4a), but it is 
unclear whether it is dentate, or how the lateral and postchoanal processes look like. No 
discrete palatine is present in Prospea holoserisca. 
The parasphenoid is broken from the mid-length. The anterior tip of the cultriform 
process probably does not reach the level of the vomer (Figure 1-4a). Posterolaterally the 
parasphenoid develops two lateral wings, the lateral edge of which is slightly rounded 
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and articulates with the medial process of the pterygoid. The posterior edge of the 
parasphenoid is flat without any distinct process.    
The pterygoid is tri-radiate with three rami. The short medial ramus of the 
pterygoid articulates with the parasphenoid. The posterolateral ramus meets the quadrate 
and joins the suspensorium. The maxillary ramus has a long articulation surface with the 
maxilla. The paired prootics are fused with the exoccipital to form the posterior part of 
the braincase. No operculum or stapes is preserved on the holotype of Prospea. 
In the upper jaw, the premaxilla is fragmentary and yields little anatomical details. 
The maxilla bears teeth and extends to approximately two-thirds the length of the orbit 
(Figure 1-4b). The maxilla is relatively dorso-ventrally deep, with a prominent facial 
process (pars facialis) anteriorly and a less prominent zygomatic process posteriorly. The 
maxilla articulates with the nasal and the lateral process of the sphenethmoid medially, 
forming the lateral wall of the nasal capsule. Posteriorly it articulates with the pterygoid, 
but not with the squamosal. No quadratojugal is identifiable on the holotype, and it is. 
Based on the tapered posterior end of the maxilla, the quadratojugal is probably absent in 
Prospea holoserisca.  
The lower jaw is formed by the dentary anteriorly and the prearticular posteriorly. 
The dentary is edentate, and is essentially straight. The prearticular is thin and curved. 
 
Postcranial Skeleton – The vertebral column consists of eight presacral 
vertebrae, the sacrum and the urostyle (Figure 1-4). As in living pelobatoids, all vertebrae 
have procoelous centra and imbricate neural arches. No ribs are observed, either absent or 
fused with presacral vertebrae. The atlas does not fuse with presacral II, and bears no 
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transverse processes. Transverse processes of presacral II to IV are long and oriented 
laterally, those of presacral IV being the most robust. Transverse processes of presacral V 
to VIII are shorter and oriented anterolaterally. The sacrum bears a pair of widely dilated 
diapophyses with convex lateral margin, which is similar to Spea and Scaphiopus but 
different from Pelobates. The sacrum and the urostyle have a monocondylar articulation; 
in extant pelobatoids, the two bones are fused. The urostyle bears no transverse process 
or dorsal crest. It is slightly longer than the combined length of the presacrals. The 
relative length of the urostyle resembles modern Spea and Scaphiopus, but is different 
from modern Pelobates and the Mongolian fossil Macropelobates osborni. 
The pectoral girdle preserves the clavicle, coracoid and the most medial part of 
the scapula (Figure 1-4a). It is aciferal, as indicated by the non-parallel clavicle and 
coracoid. The clavicle is strongly bowed. Its distal end abuts the scapula instead of 
overlapping it anteriorly. The coracoid is straight, with the distal end wider than the 
medial. The sternum is unossified, similar to Spea and Scaphiopus, but different from 
Pelobates with an ossified sternum. The humerus has a single enlarged distal condyle in 
articulation with the fused radioulna (Figure 1-4). Carpals are ossified, indicating its adult 
stage.  
The pelvic girdle consists of the ilium and the ischium, with the pubis unossified 
(Figure 1-4). The ilium bears no dorsal crest or dorsal tubercle, but has a prominent 
acetabular expansion that overlaps the ischium dorsally. The femur and the tibiofibula are 
approximately equal in length. The tibiale and the fibulare are fused at both ends, but 
separate along their shafts. In the right foot, the prehallux is enlarged to form a triangular 
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bony spade. Among modern frogs, a single enlarged prehallux is characteristic of 
burrowing pelobatoids (Spea, Scaphiopus and Pelobates). 
 
 
Scaphiopus skinneri Estes, 1970 
 
 
Holotype – AMNH 42920, skull and vertebral column, with isolated bone pieces (Figure 
1-5, 1-6 and 1-7). 
 
Type locality and horizon – Leo Fitterer Ranch, Stark County, North Dakota. Middle 
Oligocene, Orellan. 
 
Diagnosis – Different from all living Scaphiopus in the combination of the following 
characters: absence of rostral process on nasal; divergent posterior edge of nasal; 
sphenethmoid exposed dorsally between nasal and frontoparietal, distinct lateral orbital 
process on frontoparietal, margo prootica of frontoparietal absent.  
 
Description  
 The species is represented by the skull (Figure 1-5), incomplete vertebral column 
(Figure 1-6) and pectoral girdle bones (Figure 1-7). Information on the forelimbs, pelvic 
girdle or hind limbs is unknown. The size of Scaphiopus skinneri is comparable to the 






Figure 1-5 Skull of the holotype of Scaphiopus skinneri (AMNH 42920): a: dorsal view; 
b: ventral view. 
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Skull – The skull is well preserved except for the missing left frontoparietal, incomplete 
left prootic and left squamosal. Like in modern Scaphiopus, groove-and-ridge patterned 
dermal sculpture is present on the nasal, frontoparietal, squamosal, and maxilla. The 
shape of the skull is relatively flattened, less domed compared with living Scaphiopus. 
 The nasals are well ossified with mid-line articulation (Figure 1-5a). The anterior 
edge of the nasal is straight without a distinct rostral process. The anterolateral edge is 
also straight, articulating with the facial process of the maxilla. Posteriorly the two nasals 
are diverging from each other, leaving a small rhomboid area of the sphenethmoid 
exposed dorsally, resembling Scaphiopus couchi among living Scaphiopus. In 
Scaphiopus hurterii and Scaphiopus holbrookii, the sphenethmoid is completely covered 
with the nasals and frontoparietals dorsally. Posteriorly the nasal articulates with the 
frontoparietal.  
 The frontoparietals are paired and are without any indication of a posteromedian 
element (Figure 1-5a). The left frontoparietal is missing from the holotype. Based on the 
straight medial edge of the right frontoparietal, the two bones are probably in articulation 
in their original position, leaving no space for a medial frontoparietal fontanelle. The 
lateral edge of the right frontoparietal is complete. By the mid-length of the edge, the 
frontoparietal develops a distinct lateral flange overhanging the orbit (Figure 1-5a), which 
is more developed than the three living Scaphiopus species. The frontoparietal gradually 
increases in width posteriorly, but lacks a distinct posterolateral wing (margo prootica). 
Among living Scaphiopus, the posterolateral wing is best developed in Scaphiopus 
couchi, present but less distinct in Scaphiopus holbrookii, and absent in Scaphiopus 
hurterii. The posterior edge of the frontoparietal is flat, similar to Scaphiopus hurterii and 
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Scaphiopus couchii. Scaphiopus holbrookii has a rounded posterior edge of the 
frontoparietal. The posterior projection of the frontoparietal is present on the right 
frontoparietal. 
 The squamosal is similar to that of the modern Scaphiopus. The zygomatic ramus 
of the squamosal extends anteriorly and articulates with the maxilla, a shared derived 
condition with Scaphiopus; in Spea the zygomatic ramus of the suqmosal is not 
developed. The otic ramus is expanded into a plate, with the lateral surface sculptured 
and the medial surface smooth. It abuts the prootic, but does not form the dorsal skull 
roof or articulates with the frontoparietal (Figure 1-5a). The ventral ramus is long and 
slender, extending posteroventrally and contacting the pterygoid. 
 The sphenethmoid is well ossified, best seen from the ventral view (Figure 1-5b). 
It bears a distinct anterior process, and a pair of lateral processes overlapped by the 
postchoanal process of the vomer ventrally. The presence of the ossified anterior process 
of the sphenethmoid indicates an ossified septum nasi. Posteriorly, the cultriform process 
of the parasphenoid overlaps the sphenethmoid ventrally. 
 The vomers are paired elements ventral to the sphenethmoid (Figure 1-5b). The 
two vomers do not contact each other along the mid-line. The vomer develops a strong 
anterochoanal plate expanding anterolaterally towards the premaxilla-maxilla suture. 
Along the posterior margin of the plate are the vomerine tooth rows. The postchoanal 
process (=palatine process) of the vomer is a slender and elongate process posterior to the 
choana, extending laterally to contact the pars palatina of the maxilla. The elongation of 
the postchoanal process and the narrow angle between the antero-choanal and 
postchoanal processes are shared derived characters of the Scaphiopodidae. A distinct 
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palatine is absent in Scaphiopus skinneri. The homology of the palatine is controversial in 
Scaphiopodidae. Some authors (Zweifel, 1956; Estes, 1970; Roček, 1980) considered the 
palatine to be completely fused with the maxilla in this clade, whereas one ontogenetic 
study (Wiens, 1989) showed that the palatine process of the maxilla is not homologous 
with the palatine. 
The parasphenoid is well preserved. The cultriform process of the parasphenoid 
extends anteriorly to the level of the posterior margin of the lateral process of the 
sphenethmoid, far from reaching the vomer (Figure 1-5b). Posteriorly the posterolateral 
wing of the parasphenoid articulates with the medial ramus of the pterygoid. The 
posterior margin of the parasphenoid is slightly convex in the middle.  
The left pterygoid misses the posterolateral ramus on the holotype, but the right 
bone is complete. It is similar with that of modern scaphiopodids with three rami. The 
medial ramus of the pterygoid contacts the parasphenoid. The maxillary ramus of the 
pterygoid extends anteriorly and bears a long articulation with pterygoid process of the 
maxilla, reaching almost the pars palatina of the maxilla. The posterolateral ramus 
articulates with the squamosal and reaches the suspensorium. A distinct ventral ridge 
grows on the lateral edge of the pterygoid (Figure 1-5b), less obviously seen in modern 
Scaphiopus.    
 In the upper jaw, paired premaxillae are well preserved. The outer surface of the 
bone is smooth without sculpture. Dorsally, it develops an alary process without reaching 
the nasal. The two alary processes do not meet in the middle. The palatine process of the 
premaxilla is well developed, best seen from the ventral view of the skull (Figure 1-5b). 
It is a small triangular posteromedial projection on the pars palatina of the premaxilla 
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towards the sphenethmoid. The maxilla lies posterior to the premaxilla. As in the 
frontoparietal and squamosal, the maxilla is covered with dermal sculpture on its outer 
surface. The facial process of the maxilla articulates with the nasal dorsally. The pas 
palatina of the maxilla articulates with the vomer medially. Posteriorly, the maxilla 
articulates with the zygomatic ramus of the squamosal dorsally, and the maxillary ramus 
of the pterygoid ventrally. The quadratojugal is absent. 
 The mandible is not preserved on the holotype. 
 A separate hyoid bone was preserved (Figure 1-7d). 
   
Postcranial Skeleton – The vertebral column of the holotype is partially preserved, 
separate from the skull (Figrure 1-6). The atlas, the distal tips of the anterior transverse 
processes, the neural arches of the fourth presacral, the posterior part of the sacrum, and 
the urostyle are missing. Similar to all pelobatoids, the neural arches of the presacral 
vertebrae are imbricated, and the centra procoelous. The transverse processes on 
presacral II and III are oriented laterally. The lateral tips are broken off, so it is unclear 
how long the transverse processes are. The transverse processes on presacral V-VIII are 
orientated only slightly anterolaterally (Figure 1-6), similar to those of living 
scaphiopodids, but different from pelobatids. It is worth noting that the width of the 
neural arches gradually increases from the anterior to the posterior, with presacral VIII 
the widest. The sacrum also has a broad neural arch. The diapophysis is not as expanded 
as in pelobatids, but resembles scaphiopodids in being hatchet-shaped with a convex 











Figure 1-7 Extra bone pieces of the holotype of Scaphiopus skinneri (AMNH 42920): a, 





webbing on the sacrum, the urostyle is probably fused with the sacrum as Estes (1970) 
stated.  
 The appendicular skeleton is largely missing except for the scapula and the 
coracoid from the pectoral girdle ((Figure 1-7c, e). The medial end of the scapula is 
forked, and the anterior edge is concave. The coracoid is bowed. The medial end of the 




Taxonomy and Character evolution 
Scaphiopus skinneri – Of the three fossil spadefoot toads described above, Scaphiopus 
skinneri received perhaps the least controversy of its taxonomic position. With a middle 
Oligocene age, it was explicitly assigned to Scaphiopus based on eight characters by 
Estes (1970): 1) maxilla-squamosal contact; 2) emarginated prootic foramen on the 
prootic; 3) absence of frontoparietal fontanelle; 4) dermal sculpture; 5) probable absence 
of operculum; 6) presence of pterygoid process of maxilla; 7) presence of palatine 
process of maxilla (“presence of palatine” as in Estes, 1970); and 8) large size. Among 
these characters, character 1 also convergently occurs in the Pelobatidae (Pelobates, 
Macropelobates, and some Eopelobates). Character 4 as seen in Scaphiopus skinneri is 
distinguished from the condition seen in the Pelobatidae in having the sculpture in a 
ridge-and-groove pattern rather than in a pitted pattern. Character 8 should be excluded, 
as the large size is probably not a homologous character, and is also known for pelobatid 
Macropelobates and some living Pelobates. Besides what have been listed by Estes 
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(1970), the combination of the following derived morphological characters also associate 
the fossil with modern Scaphiopus: 1) elongated postchoanal process of vomer; 2) 
absence of squamosal-frontoparietal contact; 3) absence of quadratojugal; 4) convex 
lateral edge of sacral diapophysis.  
 Three characters appear to be apomorphic of Scaphiopus skinneri within 
Scaphiopus: 1) straight anterior margin of nasal without any trace of a pointed rostral 
process; 2) a distinct supraorbital process on the lateral edge of frontoparietal; 3) well-
developed ventral ridge on the lateral edge of the pterygoid. In modern Scaphiopus the 
anterior margin of the nasal all ends as a pointed process, whereas in Scaphiopus skinneri 
the margin is straight without traces of broken-offs. A supraorbital flange is present in all 
scaphiopodids overhanging the orbit, best seen in the palatal view. In Scaphiopus 
skinneri, however, the flange is characterized by a distinct lateral process and a notch 
immediately behind it. The ventral ridge of the pterygoid is moderately developed in 
modern Scaphiopus, usually as a thin lamina, but in Scaphiopus skinneri is a thickened 
ridge projecting ventrally.  
  
Prospea holoserisca – This late Paleocene fossil taxon clearly belongs to the 
Pelobatoidea, as evidenced by nine synapomorphic characters: 1) ossification of septum 
nasi on sphenethmoid; 2) presence of supraorbital flange on frontoparietal; 3) centrum 
procoelous; 4) absence of ribs; 5) strongly anterolaterally oriented transverse processes 
on presacral V-VIII; 6) expanded sacral diapophysis; 7) monocondylar articulation 
between sacrum and urostyle; 8) absence of transverse process on urostyle; 9) distal 
fusion of tibiale and fibulare. It is by far the earliest unequivocal record of the 
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Pelobatoidea worldwide, predating the early Eocene Aerugoamnis paulus from North 
America (Henrici, 2013) and the middle Eocene various Eopelobates taxa from North 
America and Europe (Roček et al., 2014).    
 The most striking feature of this fossil is its prominent metatarsal prehallux 
enlarged into a bony spade, preserved on the right foot. The presence of the bony spade is 
known in two modern clades of pelobatoids: the European Pelobatidae (Pelobates) and 
the North American Scaphiopodidae (Scaphiopus and Spea), probably due to convergent 
evolution (Roelants and Bossuyt, 2005, also see Chapter 2). Prospea holoserisca is more 
closely related to the Scaphiopodidae in morphology, sharing five derived characters: 1) 
presence of frontoparietal fontanelle (shared with Spea); 2) absence of squamosal-maxilla 
contact (shared with Spea); 3) lack of quadratojugal (shared with Spea and Scaphiopus); 
4) convex lateral edge of sacral diapophysis (shared with Spea and Scaphiopus); and 5) 
urostyle longer than combined length of presacral vertebrae (shared with Spea and 
Scaphiopus). On the other hand, Prospea still retains the plesiomorphic condition of 
unfused sacrum and urostyle, whereas in the adults of livng scaphiopodids the two bones 
are fused.  
 
Macropelobates osborni – From a similar region with Prospea holoserisca, this fossil 
also bears an enlarged bony spade. However, Macropelobates osborni is not only 
younger geologically, but is also remarkably different in morphology. It differs from 
Prospea in: 1) its larger size; 2) pitted dermal sculpture on frontoparietal and squamosal; 
3) massive azygous frontoparietal; 4) squamosal-maxilla contact; 5) otic ramus of 
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squamosal developed into a plate; 6) butterfly-wing-shaped sacral diapophysis with a 
straight lateral edge; 7) shorter urostyle; 8) ossified pubis; 9) shape of the prehallux.  
 The familial affiliation of Macropelobates osborni has been a center of 
controversy, which drastically affects the interpretation of this fossil in terms of 
pelobatoid evolution and biogeographic history. In the past, Macropelobates osborni is 
either placed as a basal pelobatoid (Noble, 1924; Zweifel, 1956), as a basal pelobatid 
(Estes, 1970; Henrici, 1994, 2013; Chen et al., 2016), or as a basal scaphiopodid (Roček, 
1982; Roček et al, 2014). Based on the re-description of the holotype and a new 
combined phylogeny (see Chapter 2), I find Macropelobates osborni to be more closely 
related to the Pelobatidae than to the Scaphiopodidae, sharing with the former derived 
characters including: 1) azygous frontoparietal (mis-identified as paired in Roček, 1982); 
2) dermal sculpture in a pitted pattern (mis-identified as a ridge-and-groove pattern in 
Roček, 1982); 3) butterfly-wing-shaped sacral diapophysis with a straight lateral edge; 4) 




 In this chapter, I provided re-descriptions of three fossil pelobatoid taxa from the 
Paleocene and Oligocene of the North America and East Asia, focusing on the 
morphological comparisons with other living and fossil pelobatoids. It clarifies previous 
uncertainties and supplements new information on these three fossils, enabling inclusions 
of them into a combined phylogenetic analysis to study pelobatoid evolution and 
biogeography (see Chapter 2). The East Asian fossils (Macropelobates osborni and 
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Prospea holoserisca) represent fossil distributions that are not recorded by living 
relatives, bearing important biogeographic implications. The North American Scaphiopus 
skinneri, despite its early age, shows remarkable similarities with the crown genus 
Scaphiopus, indicating an old evolutionary history of the clade. Through the descriptions, 
I conclude that: 
1) The middle Oligocene Macropelobates osborni from Mongolia is 
morphologically more closely related to the European Pelobatidae than to the 
North American Scaphiopodidae (contrary to Roček, 1982), as evidenced by the 
azygous frontoparietal, pitted dermal sculpture, short urostyle, straight lateral 
edge of sacral diapophysis among other characters.  
2) The late Paleocene Prospea holoserisca from Mongolia, on the other hand, is 
clearly more associated with the Scaphiopodidae than with the Pelobatidae. The 
non-monophyly of the Mongolian fossil pelobatoids suggests a complex 
biogeographic history of pelobatoids in East Asia. 
The morphological features support Estes’s (1970) assignment of the middle Oligocene 
Scaphiopus skinneri from North America to the crown genus Scaphiopus.  
33	  




 The Pelobatoidea, or the spadefoot toads, consist of four living families: 
Pelobatidae (Pelobates, old world spadefoot toads), Scaphiopodidae (Scaphiopus and 
Spea, new world spadefoot toads), Megophryidae (11 genera, litter frogs), and 
Pelodytidae (Pelodytes, parsley frogs). The monophyly of the Pelobatoidea as a clade, the 
relationships of them with other frogs, and the interrelationships within the clade have all 
been contentious throughout the years. 
 The monophyly of the Pelobatoidea and the relationships of the group with other 
frogs have been a major subject of controversy in all studies of higher-level frog 
relationships. Lynch (1973) provided one of the earliest hypotheses of frog relationships 
in a cladistic framework using morphological characters. In his cladogram, the 
Pelobatoidea are not monophyletic, with the Pelodytidae forming a paraphyletic 
relationship with the other pelobatoids (Figure 2-1a). He considered the Pelobatidae 
(including both Pelobates and the Scaphiopodidae by his definition) +Megophryidae to 
form a sister-group relationship with the Neobatrachia. Cannatella (1985) and Ford and 
Cannatella (1993) considered that the Pelobatoidea, as a monophyletic clade, form the 
sister-group of the Pipoidea (in the so-called Mesobatrachia) instead of the Neobatrachia 
(Figure 2-1b). Gao and Wang (2001), building upon earlier morphological matrix and 
including some fossils, also supported the monophyly of the Pelobatoidea, but thought 
that they were more closely related to the Discoglossidae than either the Pipoidea or the 
34	  
Neobatrachia. Recent molecular phylogenies (Roelants and Bossuyt, 2005; Frost et al., 
2006; Zhang et al., 2013) generally support the monophyly of the Pelobatoidea and the 
sister-group relationship of them with the Neobatrachia (except Garcı́a-Parı́s et al., 2003).  
  The interrelationships of the Pelobatoidea are also highly controversial over the 
years, especially between morphological and molecular studies (Figure 2-1). Despite 
different opinions on where the Pelobatoidea fits into the higher-level frog phylogeny, all 
previous morphological phylogenies (Lynch, 1973; Cannetalla, 1985; Henrici, 1994, 
2009; Henrici and Haynes, 2006; Maglia, 1998; Gao and Wang 2001; Henrici et al., 
2013) supported the monophyly of the spade-bearing and burrowing Pelobates, 
Scaphiopus and Spea. A few of these studies (Maglia, 1998; Henrici, 2009; Henrici et al., 
2013) questioned the monophyly of the Scaphiopodidae, and suggested a more closely 
relationships between Pelobates and Scaphiopus largely based on skull morphology 
(Figure 2-1c). The first phylogenetic study to question the monophyly of the spade-
bearing taxa was Garcı́a-Parı́s et al. (2003), which found that the Scaphiopodidae 
(Scaphiopus and Spea) form the sister-group to all other pelobatoids, and that Pelobates 
is most closely related to the Megophryidae (Figure 2-1d). This hypothesis was supported 
by Roelants and Bossuyt (2005) and Zhang et al. (Figure 2-1f, 2013). Frost et al. (2006) 
also supported the relationship between Pelobates and Megophryidae, but thought that 
the Pelodytidae, instead of the Scaphiopodidae, were the sister-group to all other 
pelobatoids (Figure 2-1e).  
 As one of the few major Holarctic frog clade, the Pelobatoidea and their evolution 
and distribution are deeply intertwined with the geological history of the Northern 
Hemisphere in the Mesozoic and Cenozoic. The contentious interrelationships of the  
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Figure 2-1 Simplified diagrams showing previous hypotheses on pelobatoid 
relationships. The first row represents results from previous morphological phylogenies, 
and the second row results from previous molecular phylogenies: a: Lynch (1973), 
paraphyletic Pelobatoidea, monophyletic burrowers, sister group Neobatrachia; b: 
Cannatella (1985), monophyletic Pelobatoidea, monophyletic burrowers, sister group 
Pipoidea; c: Henrici et al. (2013), monophyletic Pelobatoidea, monophyletic burrowers, 
paraphyletic North American burrowers, sister group Neobatrachia; d: Garcı́a-Parı́s et al. 
(2003), monophyletic Pelobatoidea, polyphyletic burrowers, sister group Pipoidea; e: 
Frost et al. (2006), monophyletic Pelobatoidea, polyphyletic burrowers, basal Pelodyidae, 
sister group Neobatrachia; f: Zhang et al. (2013), monophyletic Pelobatoidea, 
polyphyletic burrowers, basal Scaphiopodidae, sister group Neobatrachia. 
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clade, combined with the uncertain positions of many important fossils, however, hinder 
the understanding. Previously, the biogeographic scenario of the Pelobatoidea largely 
came from the qualitative interpretations of fossil species. Noble (1924) proposed that the 
ancestral pelobatoids originated in Asia in the early Tertiary, and dispersed to Europe and 
North America, largely based on the finding of the Oligocene Mongolian fossil 
pelobatoid Macropelobates osborni. Estes (1970), based on the assumption that fossil 
Eopelobates was the most primitive pelobatoids, suggested that the Eopelobates 
originated during the Cretaceous in North America, and reached a Holarctic distribution 
by the late Paleocene. He thought that the divergence between the modern Pelobatidae 
and Scaphiopodidae occurred in the latest Paleocene, with the pelobatid lineage dispersed 
into Asia (represented by Macropelobates osborni), and later into Europe before early 
Oligocene. Garcı́a-Parı́s et al. (2003), adopting the hypothesis of the non-monophyly of 
spade-bearing pelobatoids, proposed that the split between the Scaphiopodidae and other 
pelobatoids occurred between Cretaceous and early Eocene, probably representing a 
vicariance event due to the break-up of the Laurasia and the formation of the Atlantic 
Ocean. They also argued that the split between the Pelobatidae and the Megophryidae 
might represent a vicariance event due to the presence of Turgai Strait, but acknowledged 
that the fossil pelobatid Macropelobates potentially contradicted this interpretation.  
 In this chapter, I will re-evaluate the relationships and biogeographic history of 
recent and fossil pelobatoids, combining information from fossils, morphology, and 
molecules. By doing this, I aim to provide robust hypotheses for the following three 
problems: 1) monophyly and phylogenetic position of the Pelobatoidea in frog 
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phylogeny; 2) interrelationships within the Pelobatoidea, especially the monophyly of the 
spade-bearing taxa; 3) biogeographic history of the Pelobatoidea. 
 
Material and Method 
 
Sampling – I sampled 97 morphological characters across 57 fossil and living taxa, and 
nine mitochondrial, ribosomal and nuclear gene sequences (16S, 28S, CXCR4, CYTB, 
H3A, NCX1, RAG1, Rhodopsin, SIA) for 37 living taxa, resulting in a combined matrix 
of 62 terminals coded for morphological and molecular data for the analyses. Sampling 
focuses on “primitive” frogs (“archaeobatrachians”, or non-neobatrachian frogs), but four 
neobatrachian taxa (Hyla, Limnodynastes peronii, Rana, and Meristogenys) are also 
included. The morphological characters used in the analyses were largely modified from 
previous studies (Cannatella, 1985; Gao and Wang, 2001; Henrici, 2009; Henrici and 
Haynes, 2006; Maglia, 1998; Reilly and Jorgensen, 2011), and contains five new 
characters. Coding for morphological characters relied on both museum specimens and 
publications. Gene sequences were downloaded from Genbank (Benson et al., 2004). For 
Leptolalax, Xenophrys, Xenopus, Hyla, Leptobrachium, Rana and Meristogenys, because 
different species were sequenced across different genes, we merged the gene data of 
different species into the same genus in our analysis for practical reasons. 
 25 Mesozoic and Cenozoic fossils are included in the analysis. They include: 1) 
Mesozoic primitive frogs Triadobatrachus massinoti (outgroup), Notabatrachus 
degiustoi, Vieraella herbsti, Prosalirus bitis and Czatkobatrachus polonicus from the 
Triassic and Jurassic; 2) primitive discoglossid-like frogs Mesophryne beipiaoensis, 
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Yizhoubatrachus macilentus, Callobatrachus sanyanensis, Eodisglossus santonjae from 
the Cretaceous of East Asia and Europe; 3) plausible fossil Pipanura ( = 
Neobatrachia+Pelobatoidea+Pipoidea) Genibatrachus baoshanensis (sp. nov., see 
Chapter 3) and Gobiates spinari from the Cretaceous of East Asia; 4) fossil pipoid 
Neusibatrachus and Paleobatrachus from the Cretaceous of Europe; and 5) an extensive 
sampling of fossil pelobatoids from the Cenzozoic of North America, Europe and Asia 
(see below).  
 All fossil pelobatoids included in this study come from the Cenozoic records. 
Although some Mesozoic fossils were putatively assigned to the Pelobatoidea in 
literature (e.g., Pelobatidae incertae sedis, Evans and Milner, 1993), the identification is 
mostly based on morphological similarity of certain bones (e.g., ilium) rather than 
synapomorphies. The poor preservation of these Mesozoic records does not allow for 
inclusion in this study due to the large percentage of missing data. Taxon sampling of 
fossil pelobatoids in this study are represented by 12 fossils from all three Holarctic 
continents (see the distribution of these fossils in Figure 1-1). North American taxa 
include Scaphiopus guthriei, Scaphiopus skinneri, Elkobatrachus brocki, Aerugoamnis 
paulus, Eopelobates deani, Eopelobates grandis, and Tephrodytes brassicarvalis. 
European taxa include Eopelobates bayeri, Eopelobates anthracinus and Pelobates 
decheni. Asian taxa include Prospea holoserisca and Macropelobates osborni. 
  
Phylogenetic Analyses – The analysis was performed under Maximum Parsimony 
criterion using POY 4.1.2 (Varon et al., 2010). All morphological characters were 
unordered and weighted equally. Gene sequences were pre-aligned using MUSCLE 
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(Edgar, 2004) under default settings. Both substitution and indel costs for gene sequence 
transformations were set to one. The “Search” command is used, which uses a 
combination of methods including tree building, swapping using TBR, perturbation using 
ratchet and tree fusing, to find the most parsimonious trees (MPTs). The total run time 
was set to two hours. The search ended up evaluating 18 independent repetitions with 
ratchet and fusing for 190 generations.  
 
Biogeographic Analyses – I performed the S-DIVA analysis and Bayesian Binary 
MCMC (BBM) analysis using RASP 3.2 (Yu et al., 2015) to reconstruct the 
biogeographic distribution for each internal node on the tree. 74 MPTs from the 
phylogenetic analysis were used to generate a majority consensus tree (called a 
“condensed tree” in RASP), which was subsequently used for both analyses. Four 
distribution units are defined and assigned to each taxon: East Asia (northern China, 
Mongolia and East Siberia), Europe, North America and Gondwana (which includes 
South East Asia). For the S-DIVA analysis, I set the direct dispersal between North 
America and South East Asia to be impossible, because of the separate nature of the two 
geographic units during the Cenozoic. For the BBM analysis, I used JC models for state 
frequencies and equal distribution for among-site rate variation. 100,000 cycles with 15 
chains are performed for two independent runs. The difference between the two runs is 
0.0067 (less than 0.01), indicating it is sufficient for reaching a stable result.  
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Figure 2-2 Evolutionary relationships (strict consensus) of modern and fossil 
“archaeobatrachian” frogs by combined parsimony analysis of 97 morphological 
characters and 9 genes, calibrated by fossil appearance. Monophyly of each major 
modern clade is confirmed except for Discoglossidae. The cross symbol after the taxon 





 74 MPTs are found with a cost of 7230 steps, and the strict consensus of the 74 
MPTs is shown in Figure 2-2. The higher-level relationships of major modern clades 
generally follow the results of Zhang et al. (2013). The monophyly is confirmed for all 
major “archaeobatrachian” clades except for Discoglossidae or the sub-clades within.  
The Leiopelmatidae (Leiopelma) and Ascaphidae (Ascaphus) are sister-group to each 
other, together forming the Leiopelmatoidea as the sister group to all other crown frogs. 
The sampled modern discoglossid species Discglossus pictus, Bombina orientalis, 
Barbourula busuangensis, Alytes obstetricans, and Bombina variegata fail to form a 
monophyletic clade, but instead form a polytomy basal to the Piparuna with some 
Cretaceous fossil frogs. The monophyletic Pipanura consist of the Pipoidea and the 
Acosmanura (Pelobatoidea+Neobatrachia). The Pipoidea include the Rhinophrynidae 
(represented by a single living species Rhinophrynus dorsalis) and the Pipidae (Pipa and 
Xenopus). This combined analysis confirmed the sister-group relationships of the 
Pelobatoidea and Neobatrachia, a result that contradicts most previous morphological 
phylogenies (Cannatella, 1985; Gao and Wang, 2001), but is congruent with recent 
molecular phylogenies (Roelants and Bossuyt, 2005; Zhang et al., 2013).  
 On the fossil side, none of the pre-Cretaceous fossils (Czatkobatrachus polonicus, 
Notobatrachus degiustoi, Vieraella herbsti and Prosalirus bitis) can be confidently 
included in the crown-group Anura. Instead, they form a polytomy with the 
Leiopelmatoidea at the base of the strict consensus tree. By contrast, all the Laurasian 
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Cretaceous frogs included in the analysis belong to the crown clades. Mesophryne 
beipiaoensis, Yizhoubatrachus macilentus and Callobatrachus sanyanensis, all from the 
Early Cretaceous Jehol Biota of China, form paraphyletic relationships with each other, 
basal to the Bombinanura on the consensus tree. Among the Jehol frogs, Callobatrachus 
sanyanensis was assigned to the family Discoglossidea in its original description (Gao 
and Wang, 2001), which was not supported by this analysis. This result also contradicts a 
recent study (Dong et al., 2013), in which the three Jehol frogs were assumed to be 
monophyletic and were revised into a single genus Liaobatrachus. Here I keep the 
original names for the three Jehol frogs due to their paraphyletic relationships with each 
other. Another purported fossil discoglossid, Eodiscoglossus santonjae from the Early 
Cretaceous of Spain, has an unresolved relationship with living discoglossids due to the 
polytomy at the base of the Bombinanura. Genibatrachus baoshanensis, an Early 
Cretaceous frog from the northern China, was recovered as a basal member of the 
Pipanura with an unresolved relationship with the Pipoidea and Acosmanura (discussed 
in detail in Chapter 3). Neusibatrachu wilfertis and Palaeobatrachus diluvianus, both 
from Europe, form the stem members of the Pipoidea, confirming previous taxonomic 
studies (Báez and Sanchiz, 2007; Rocek, 2013). Gobiates spinari, a Late Cretaceous frog 
from Mongolia, was recovered as the sister group of the Acosmanura, a result partially 
agreeing with Rocek (2008), but different from Chen et al. (2016).       
 The Pelobatoidea was recovered as monophyletic. The first divergence occurs 
between the North American Scaphiopodidae and the Pelobatomorpha 
(Pelodytidae+Megophryidae+Pelobatidae), followed by the Pelodytidae; the 
Megophryidae and Pelobatidae are the most closely related among living clades. Among 
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fossil pelobatoids, Prospea holoserisca forms an unresolved polytomy with Spea and 
Scaphiopus within the Scaphiopodidae. The Eocene Scaphiopus guthriei and the 
Oligocene Scaphiopus skinneri are crown-group Scaphiopus, most closely related to the 
living species Scaphiopus hurterii. Elkobatrachus brocki from the Eocene of North 
America occupies a basal position within Pelobatomorpha, with an unresolved 
relationship with the Pelodytidae and the clade comprising of 
Megophryidae+Pelobatidae. Aerugoamnis paulus from the early Eocene of North 
America represents a basal member of the European familiy Pelodytidae, agreeing with 
the placement of this fossil by Henrici et al. (2013). Four North American and European 
Eopelobates taxa are included in the analysis. The only monophyly among them was 
found between Eopelobates grandis and Eopelobates bayeri, with Eopelobates deani and 
Eopelobates anthracinus lying basal along the Pelobaidae lineage. This suggests that a 
taxonomic revision of Eopelobates is necessary. Tephrodytes brassicarvalis from the late 
Oligocene of North America, originally reported as a pelodytid (Henrici, 1994), represent 
a basal pelobatid in this analysis, agreeing with the revision made by Henrici et al. (2013). 
Macropelobates osborni from the middle Oligocene of Mongolia, was the sister group to 
Pelobates. Pelobates decheni from the early Miocene of Germany represents a basal 
member of the living genus.  
 
Biogeographic analysis  
 The results for the S-DIVA analysis and BBM analysis are shown in Figure 2-3 
and 2-4. In general, the S-DIVA results tend to recover dispersals to occur more basally, 
whereas the BBM results tend to attribute dispersals more crown-ward (see details  
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Figure 2-3 Results of the S-DIVA biogeographic reconstructions, showing only the 
results from the Pelobatoidea part of the tree. The pie chart on each internal node 
represents the probable distributions proportional to their probability. The arrow symbol 
highlights where a potential dispersal event occurs, and the scissor symbol highlights 
where a potential vicariance event occurs. Abbreviations: EA, East Asia; Eu, Europe; 
NA, North America; SEA, Southeast Asia. 
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Figure 2-4 Results of the BBM biogeographic reconstructions, showing only the results 
from the Pelobatoidea part of the tree. The pie chart on each internal node represents the 
probable distributions proportional to their probability. The arrow symbol highlights 
where a potential dispersal event occurs, and the scissor symbol highlights where a 
potential vicariance event occurs. The uncertainty on the distributions of some internal 
nodes makes both dispersal and vicariance as plausible explanations, as marked by both a 
n arrow and a scissor symbol on the same node. For abbreviations see Figure 2-3. 
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below). Because the samplings for the Mesozoic fossil frogs mostly focuses on Laurasian 
taxa and do not include most South American or African taxa, the results outside of the 
Pelobatoidea is not discussed here due to potential sampling bias. Because the 
Pelobatoidea are a strictly Holarctic clade, and this study includes sufficient fossil and 
living pelobatoid taxa, I consider the biogeographic reconstructions within the 
Pleobatoidea to be reliable with regard to sampling bias. 
 The ancestral node of the Pelobatoidea has the highest probability of a North 
American distribution in both analyses. The ancestral nodes for both the Scaphiopodidae 
and the Pelobatomorpha also have a North American distribution, indicating that the 
speciation event between the two clades is a sympatric event within North America.  
All known members of the Scaphiopodidae have a North American distribution 
except the fossil taxon Prospea holoserisca from the late Paleocene of Mongolia. Both 
analyses attribute this fossil occurrence to a dispersal event from North America to East 
Asia, but vary on which node this dispersal occur on the tree. The S-DIVA analysis 
reconstructs the ancestral node of Spea+Prospea to have a North American+East Asian 
distribution and the divergence event between Spea and Prospea as a vicariance event, 
indicating that the dispersal occurred in stem Spea (Figure 2-3). The BBM analysis, on 
the other hand, reconstructs the Spea+Prospea to have only a North American 
distribution and suggests that the divergence between the Spea and Prospea is 
characterized by the dispersal of Prospea to East Asia (Figure 2-4). Despite the 
difference, both analysis limit the East Asian distribution in the Spea lineage, and the 
Scaphiopus lineage is strictly North American in both analyses.  
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The ancestral node of the Pelobatomorpha has a North American distribution, a 
result that appears surprising when considering that all living species within the clade are  
distributed in Europe and Southeast Asia and has no North American distribution today. 
Nevertheless, evidence from abundant basal fossils from North America is strong enough 
to lead to this result. The S-DIVA analysis recovers two potential dispersal events at the 
divergence between the Pelodytidae and the Megophryidae+Pelobatidae, with basal 
members of the latter dispersing to East Asia and possibly also to the Europe (the 
ancestral node of the Megophryidae+Pelobatidae has 50% probability of EA+Eu+NA 
distribution and 50% probability of EA+NA distribution in the S-DIVA analysis). In the 
BBM analysis, this divergence is attributed as a sympatric event within North America, 
as both child nodes also have a North American distribution.  
The ancestral node of the Pelodytidae has a North American distribution in both 
analyses, due to the basal fossils from North America. S-DIVA analysis recovers a 
dispersal of basal pelodytids from North America to Europe, and a vicariance between 
living Pelodytes and fossil Aerugoamnis paulus (Figure 2-3); whereas BBM analysis 
considers the dispersal occurred more crown-ward in the living Pelodytes lineage (Figure 
2-4). 
The ancestral node of the Megophryidae has a 98.5% probability of East Asia 
distribution in the S-DIVA analysis, indicating a vicariance event from the Pelobatidae; 
whereas in the BBM analysis it has a 54.42% probability of EA+SEA distribution and 
only 17.79% probability of East Asia distribution, favoring dispersal as an explanation. 
The lack of fossil megophryids prevents more detailed biogeographic reconstructions 
within this clade.  
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Although the living members of the Pelobatidae only consist of four species of 
Pelobates distributed in Europe today, the biogeographic history of this clade is greatly 
complicated by the occurrences of stem fossils from all three Holarctic continents. In the 
S-DIVA analysis, the ancestral node of the Pelobatidae has 50% probability of a North 
American distribution and 50% probability of a Eu+NA distribution. Various dispersals 
from North America to Europe occurred at the basal nodes of the Pelobatidae as 
evidenced by the European Eopelobates, but three vicariance events are also recognized. 
The first occurs between the European Eopelobates bayeri and the North American 
Eopelobates grandis, probably during the Eocene. It is worth noting that this vicariance 
event corresponds with the vicariance between Pelodytes and Aerugoamnis paulus in age 
and areas. They might represent the same geological event. The second is between the 
North American Tephrodytes brassicarvalis and the Eurasian Macropelobates+Pelobates, 
probably during the Oligocene. The third vicariance event probably also occurred during 
the Oligocene, between the East Asian Macropelobates osborni and the European 
Pelobates. Crown-group Pelobatidae has the European distribution. The BBM analysis 
favors the ancestral node of the Pelobatidae to have a North American distribution with 
an 87.5% probability. As in the cases of other families, the BBM results tend to explain 
the allopatric fossil occurrences (e.g., Eopelobates anthracinus, Macropelobates osborni) 
to represent individual dispersals of the fossil lineages instead of the dispersals of the 
basal nodes followed by a vicariance event. Similar to S-DIVA analysis, the crown-group 






              Although the living diversity of the Pelobatoidea is only represented by 211 
species in four families, of which 197 belongs to the South East Asian Megophryidae 
(Amphibiaweb, 2015), they nevertheless have perhaps the most abundant fossil records 
among frogs, represent one of the best-known fossorial frog clades, and occupy a 
controversially “transitional” position between primitive frogs (“archaeobatrachians”) 
and new frogs (neobatrachians). This combined phylogenetic analysis confirmed the 
monophyly of the Pelobatoidea as a clade, and its sister-group relationship with 
Neobatrachia. It rejects the taxonomic classification of a so-called Mesobatrachia 
consisting of the Pelobatoidea and Pipoidea (Ford and Cannatella, 1993), but instead 
favors the grouping of the Pelobatoidea and Neobatrachia in the monophyletic 
Acosmanura. The sister-group relationship between the pelobatoids and neobatrachians 
bears great biogeographic implications, as the Pelobatoidea are a strict Holarctic clade 
and the Neobatrachia have their most living diversity and their earliest fossil members 
from Gondwana (Evans et al., 2008). The break-up of the supercontinent Pangaea during 
the Mesozoic was probably a major driving force for the divergence of the two clades, a 
hypothesis first brought by Roelants and Bossuyt (2005). It is worth noting, though, that 
more Mesozoic fossils from both clades are needed to support this hypothesis from a 
paleontological perspective, because the earliest definite neobatrachian was Late 
Cretaceous in age (~80 Ma) and the earliest definite pelobatoid was late Paleocene in age 
(~56 Ma), both younger than the separation between the Laurasia and Gondwana in 
Triassic-Jurassic (~200-150 Ma). 
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 Definite record of fossil pelobatoids began to occur almost simultaneously on all 
three Holarctic continents during the latest Paleocene-early Eocene, representing stem or 
crown members of each major pelobatoid lineages except Megophryidae. These fossils, 
combined in a phylogenetic context with their living relatives, greatly enhanced our 
understanding of the character evolution and biogeographic history of the Pelobatoidea.  
 
Parallel evolution of the enlarged bony spade and fossoriality 
Traditionally, the presence of an enlarged bony spade has been a classic character 
uniting the living European Pelobates and the North American Scaphiopus+Spea together 
(Noble, 1924; Zweifel, 1956; Estes, 1970; Duellman and Trueb, 1994; Maglia, 1998; 
Henrici, 1994, 2009). The two groups not only both possess the enlarged spade, but also 
share a similar fossorial lifestyle, in which they hide in the burrow for most time of year, 
and only come out to breed during the raining season (Duellman and Trueb, 1994). 
However, a series of pelobatoid fossils from North America and Europe – collectively 
grouped in a single genus Eopelobates – all lack the bony spade despite other 
morphological similarities with living Pelobates. This led Zweifel (1956) and Estes 
(1970) to believe that Eopelobates represents the most basal pelobatoid, and the enlarged 
spade is a shared derived feature in more advanced forms (Macropelobates, Pelobates, 
Scaphiopus and Spea). This classification remains unchallenged in almost all 
morphological studies (Cannatella, 1985; Maglia, 1998; Henrici, 1994, 2009; Henrici and 
Haynes, 2006; Henrici et al., 2013), including some recent ones. The homology of the 
enlarged spade and the monophyly of these two groups were first questioned by Garcı́a-
Parı́s et al. (2003), and was later supported by several other molecular phylogenies 
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(Roelants and Bossuyt, 2005; Frost et al., 2006; Zhang et al., 2013). All these molecular 
studies found that Pelobates are more closely related to the spade-less Megophryidae and 
Pelodytidae, than to the Scaphiopodidae. But the lack of fossil taxa in the molecular 
phylogeny prevented further discussion on the spade evolution, and left reversal and 
convergent evolution both as a plausible explanation (although Garcı́a-Parı́s et al. (2003) 
tentatively favored parallel evolution as the explanation based on other evidence). 
Combining fossils into a total-evidence phylogeny confirmed the polyphyly between the 
Pelobatidae and Scaphiopodidae. Furthermore, with fossil taxa placed in the tree and 
character optimization, I find that the parallel occurrences (convergence) of spade in the 
Pelobatidae and Scaphiopodidae is favored against a reversal scenario in which the spade 
is primitively present in pelobatoids but was subsequently lost in Megophryidae, 
Pelodytidae and some fossil taxa, as the former only cost two steps and the latter seven 
steps. 
 In the Scaphiopodidae, the fossils are represented by the North American 
Scaphiopus skinneri, Scaphiopus guthriei, and the East Asian Prospea holoserisca. Only 
Prospea preserves the postcranial skeleton, and it clearly possesses an enlarged bony 
spade. Based on the extant phylogenetic bracket formed by Scaphiopus holbrooki and 
Scaphiopus hurterii, the two fossil Scaphiopus probably also possess the spade. 
Therefore, it is safe to assume that the presence of an enlarged bony spade is a shared 
derived character in the Scaphiopodidae. In the Pelobatidae, the enlarged spade is only 
shared in the clade constisting of Macropelobates and Pelobates, but not in the more 
basal fossils Tephrodytes and the paraphyletic Eopelobates. The geological ages of the 
acquisition of the enlarged spade also vary between these two clades: scaphiopodids 
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developed the enlarged spade by late Paleocene, whereas none of the Eocene fossil 
pelobatids possessed the spade and only by middle Oligocene did fossil Macropelobates 
started to show an enlarged spade. None of the fossil pelodytids possess an enlarged 
spade. 
Correlated with the convergent origins of the enlarged bony spade is the 
convergent evolution of fossoriality in the Scaphiopodidae and the Pelobatidae. In the 
Scaphiopodidae, modern taxa dwell in arid areas such as the Sonoran Desert 
(Amphibiaweb, 2015). Conventionally, adaptation to this environment has been 
considered to rely on burrowing and rapid larval development (Zweifel, 1956; Bragg, 
1961). A recent study on extant scaphiopodids has shown that rapid larval development 
does not relate to climate, but to genome size and phylogeny (Zeng et al., 2014). This 
study further casts doubt on the relationships between burrowing and aridity. The extant 
phylogenetic bracket shows that fossoriality clearly have already evolved by the early 
Eocene in the Scaphiopodidae, a time interval that is not particularly known for aridity 
(Zachos, et al., 2001). This suggests that fossoriality is not an adaptation, but rather an 
exaptation to aridity in the Scaphiopodidae. In other words, burrowing did not evolve 
because of the aridity, but subsequently it helps the frogs to survive when the 
environments became arid, whereas the non-burrowing pelodytids went to extinction in 
North America. In the Pelobatidae, on the other hand, no extant phylogenetic bracket 
exists to indicate fossoriality for any fossils included in the analysis. Macropelobates 
osborni is the only plausible fossil taxon that might live a fossorial lifestyle, as evidenced 
by the presence of enlarged bony spade and the overall morphological similarities with 
fossorial Pelobates. If this is the case, the middle Oligocene age corresponds well with 
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the aridification and temperature cooling in East Asia due to the uplift of the Tibetan 
Plateau (Liu et al., 2009), and it may well be an adaptation to the aridity. The origin of 
fossoriality in living Pelobates may or may not be homologous with that of 
Macropelobates, but Rocek et al. (2014) considered tentatively that Pelobates might not 
have evolved fossoriality until post Pliocene times. 
 
Biogeography of the Pelobatoidea  
 Modern pelobatoids have a discontinuous but rather simple distribution pattern in 
Europe (Pelobatidae and Pelodytidae), North America (Scaphiopodidae) and South East 
Asia (Megophryidae) (Figure 1-1). But when fossils are added into consideration, the 
scenario for their biogeography becomes much more complex. Fossil pelobatids are 
found from all three continents, fossil pelodytids from both Europe and North America, 
and fossil scaphiopodids from both North America and East Asia. To interpret the 
complex distribution patterns of these fossils, a comprehensive approach is needed.   
Garcı́a-Parı́s et al. (2003) provided the most recent detailed discussion of 
pelobatoid biogeography based on molecular phylogeny and qualitative interpretation of 
fossils. Although the major phylogenetic framework of modern species of Garcı́a-Parı́s et 
al. (2003) is similar with this current study, the improper use of fossil calibrations 
coupled with the newer fossil discoveries after their publication made their results flawed 
and outdated to a modern standard. For example, they used an ilium from the Middle 
Jurassic Morrison Formation of North America (Evans and Milner, 1993) to calibrate the 
ancestral node of the Pelobatoidea, and an ill-preserved Liaobatrachus from the Early 




Figure 2-5 A simplified map of the Holarctic illustrating the biogeography of the 
Pelobatoidea in the Cenozoic. The arrows represent dispersals of taxa between 
continents, and the dashed lines represent vicariance of taxa between continents. The 
dispersal from North America to East Asia occurred in basal scaphiopodids during the 
Paleocene through the connected Beringia. The dispersal from North America to Europe 
occurred in basal pelobatids and pelodytids before middle Eocene, when the Thulean 
Route was still passable. The dispersal from Europe to East Asia occurred in basal 
pelobatids during the early-middle Oligocene through the closed Turgai Strait. For 
abbreviations see Figure 2-3. 
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from the Morrison Formation bears little information to actually be considered as a 
pelobatoid (Rocek et al., 2014), and Liaobatrachus was considered as a “nomen dubium” 
due to its incomplete nature (Gao and Wang, 2001). Important fossil discoveries of 
scaphiopodids in East Asia (Chen et al., 2016) and pelodytids in North America (Henrici 
et al., 2013) updated our knowledge on fossil pelobatoid distribution. Overall, the timing 
of Garcı́a-Parı́s et al.’s (2003) biogeographic scenario might not correspond to the actual 
fossil record, and in many cases attribute a speciation to a vicariance/dispersal event 
without much support. Here we provide an updated biogeographic reconstruction of the 
Pelobatoidea based on the combined phylogeny and quantitative analysis, and briefly 
compared our results to that of Garcı́a-Parı́s et al. (2003). 
The ancestral node of the Pelobatoidea and its two child nodes Pelobatomorpha 
and Scaphiopodidae all have the highest probability of a North American distribution in 
our analysis, which means that this divergence event did not involve any trans-
continental dispersal or vicariance (Figure 2-3, 2-4, 2-5). This result seems unlikely if 
only living species are considered, with the living Pelobatomorpha being strictly 
Eurasian. But when fossils are also considered, it becomes obvious that fossil 
Pelobatomorpha from North America are not only more basal in phylogenetic postion, 
but also occurred earlier in Earth history compared with the Eurasian record. The early-
middle Eocene of North America bears fossil taxa such as basal fossil Pelobatomorpha 
Elkobatrachus brocki, the most basal Pelobatidae Eopelobates deani, and the most basal 
Pelodytidae Aerugoamnis paulus. The sympatric nature of this event is in sharp contrast 
with the results of Garcı́a-Parı́s et al. (2003), in which this divergence event was 
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attributed to a vicariance due to the opening of the Atlantic Ocean during the Early 
Cretaceous. 
The North American origin of the Scaphiopodidae was never seriously 
questioned. But the discovery of Prospea holoserisca (Chen et al., 2016) unveiled a 
previously unknown biogeographic history of the Scaphiopodidae in East Asia as early as 
the latest Paleocene. This Asian occurrence is a result of dispersal based on both the S-
DIVA and BBM analyses (Figure 2-3, 2-4, 2-5). The timing of this dispersal is likely to 
be during the Paleocene, when the Beringia land bridge was passable between North 
America and East Asia (Brikiatis, 2014). The divergence between Scaphiopus and Spea 
occurred no later than early Eocene, as evidenced by the early Eocene Scaphiopus 
guthriei.  
The biogeographic history of the Pelodytidae was greatly complicated by the 
discovery of early Eocene pelodytid Aerugoamnis paulus from North America (Henrici et 
al., 2013). This fossil is not only the earliest pelodytid so far, predating middle Eocene 
fossil Pelodytes from Europe (Rocek, 2013), but is also the most primitive as evidenced 
by the unfused tibiale-fibulare (Henrici et al., 2013) and the results of the phylogenetic 
analysis. Dispersals of stem pelodytids from North America to Europe occurred probably 
during the early Eocene when the Thulean Route was still passable (Brikiatis, 2014), 
followed by the vicariance after the route closed and the two continents became separate 
during the Middle Eocene (Figure 2-5). Another North American fossil pelodytid 
Miopelodytes was known from the middle Eocene of North America, but this fossil was 
only represented by a single specimen and was never properly described (Henrici et al., 
2013), preventing further investigation. The late Oligocene Tephrodytes brassicarvalis 
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was reported as a pelodytid by Henrici (1994), and used by Garcı́a-Parı́s et al. (2003) as 
an North American pelodytid. But both Henrici et al. (2013) and this study found it to be 
not a pelodytid, but a basal pelobatid instead. Until now, no fossil pelodytid are known in 
North America after the Eocene. The large temperature drop of more than eight degrees 
(Zanazzi et al., 2006) and the faunal turnover at the Eocene-Oligocene transition in North 
America may have contributed to the regional extinction of pelodytids.  
The rich fossil record of stem pelobatids in all three continents greatly 
complicates the biogeographic history of the Pelobatidae. Of the seven fossil pelobatids 
recovered in the phylogenetic analysis, the middle Eocene Eopelobates deani from North 
America is the oldest and occupies the most basal position. Therefore, a North American 
or North American+European distribution is favored for the ancestral node of the 
Pelobatidae, contrary to the European origin hypothesis by Garcı́a-Parı́s et al. (2003). The 
vicariance between the late Eocene North American Eopelobates grandis and the late 
Oligocene European Eopelobates bayeri also provides evidence for the submergence of 
the Thulean Route and the separation of North America and Europe from the middle 
Eocene (Figure 2-5). Dispersals of stem pelobatids from Europe to East Asia occurred  
between 29-23 Ma, after the Turgai Strait became passable and before the presence of 
Macropelobates osborni. Another Macropelobates species, Macropelobates cratus, was 
reported from the Miocene of Northern China (Gao, 1986; Rocek et al., 2011), but the 
poor preservation prevents further investigation. Extinction of pelobatids in North 
America and East Asia occurred during the Oligocene-Miocene, whereas at roughly the 
same time modern Pelobates started to appear in Europe. 
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The Megophryidea have the largest diversity of 197 species among the 
Pelobatoidea today, distributed in southern China and South East Asia today. But 
surprisingly, not a single fossil has been found to belong to this clade so far. What is 
known is that stem megophryids must have diverged from the pelobatids no later than the 
middle Eocene. I speculate that the lack of fossils for this clade is due to two reasons: 
first, their evolution history was restricted to a rather isolated region of Southeast Asia; 
and second, the warm and humid climate in Southeast Asia has bias for megophryids to 
be preserved into fossils. More fossil discoveries of the Megophryidae are needed to 
decipher their biogeographic history. 
   
Conclusion 
 In this chapter, I performed total-evidence phylogeny of the “archaeobatrachian” 
frogs with an extensive sampling of morphological and molecular data, and ran the S-
DIVA and BBM biogeographic analyses to reconstruct the ancestral distribution of the 
Pelobatoidea. I find that: 
 
1). The Pelobatoidea form a monophyletic clade, and is the sister group of the 
Neobatrachia. 
 
2). The fossorial Scaphiopodidae and Pelobatidae are not monophyletic. The Pelobatidae 
is more closely related to the Megophryidae and Pelodytidae than to Scaphiopodidae. 
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3). The enlarged spade and fossoriality evolved convergently in the Scaphiopodidae and 
Pelobatidae. Fossoriality in the Scaphiopodidae evolved before early Eocene, and is 
probably not an adaptation to aridity. On the other hand, fossoriality in the Pelobatidae 
evolved much later in time. Middle Oligocene fossil pelobatid Macropelobates osborni 
was probably fossorial, possibly as an adaptation to aridity. 
 
4). The Pelobatoidea have a complex biogeographic history. They originated and 
diverged into the Scaphiopodidae and Pelobatomorpha in North America. The 
Scaphiopodidae originated in North America, but dispersed into East Asia during the 
Paleocene through the Beringia. The Pelodytidae originated in North America, but 
dispersed into Europe before middle Eocene through the Thulean Route. The Pelobatidae 
originated in North America or North America+Europe, but dispersed into East Asia 
between 29-23 Ma through the passable Turgai Strait. Vicariance of North American and 
European taxa after the Middle Eocene are evident both in Pelodytidae between 
Pelodytes and Aerugoamnis and in Pelobatidae between Eopelobates bayeri and 
Eopelobates grandis.  
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Chapter 3 A new Early Cretaceous frog from northern China, and the early 
evolution of frogs 
 
Introduction 
 The amphibian order Anura includes more than 6400 extant species of frogs and 
toads, distributed on all continents except Antarctica (AmphibiaWeb, 2015). As a clade, 
they are characterized by their highly specialized skull morphology and tail-less body 
plan, distinct from either caecilians or salamanders, the two other major clades of extant 
amphibians. Fossil frogs, especially those from the Mesozoic, provide direct evidence of 
how these morphological specializations were acquired in deep time.  
The earliest fossil stem frogs are known from the Early Triassic of Madagascar 
(Triadobatrachus massinoti, Piveteau, 1936) and southern Poland (Czatkobatrachus 
polonicus, Evans and Borsuk-Bialynicka, 1998). The skulls of these two Triassic frogs 
already resemble those of modern frogs, but their postcranial morphologies are still 
primitive in retaining a non-shortened vertebral column and a tail. The Jurassic is marked 
by the first occurrence of crown-group frogs, a wider geographic distribution of fossil 
frogs, and the stabilization of postcranial morphology typical of modern frogs (Roček, 
2000). Some well-known examples of Jurassic frogs (see Roček, 2000) include 
Prosalirus bitis from the Early Jurassic of the United States (Shubin and Jenkins, 1995), 
Vieraella herbsti and Notobatrachus degiustoi from the Middle-Late Jurassic of 
Argentina (see Roček, 2000), Eodiscoglossus oxoniensis from the Middle Jurassic of 
England (Evans et al., 1990), and Rhadinosteus parvus from the Late Jurassic of the 
United States (Henrici, 1998). The Cretaceous evidenced the first radiation of modern 
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frog families (e.g., Discoglossidae and Ceratophryidae) (Villalta, 1956; Wang and Gao, 
1999; Evans et al., 2008), and the first occurrence of fossil frogs in Asia. The most 
significant radiation of extant families of frogs took place after the K-Pg transition 
(Sanchiz, 1998: fig. 152). In East Asia, the geologically oldest fossil frogs are known 
from the Early Cretaceous Yixian Formation (Barrenmian/Aptian) of Liaoning Province, 
northern China (Figure 3-1). They include Callobatrachus sanyanensis from Sihetun near 
Beipiao (Wang and Gao, 1999), Mesophryne beipiaoensis from the nearby Heitizigou 
locality (Gao and Wang, 2001), and Yizhoubatrachus macilentus from the Hejiaxin 
locality near Yixian (Gao and Chen, 2004). A purported “tadpole” fossil (CAGS-IG01-
705) previously reported from the Middle Jurassic Daohugou beds, Inner Mongolia, 
China (Yuan et al., 2004) has been reinterpreted as an incomplete insect specimen 
(Huang, 2013). In addition, Dalianbatrachus (Gao and Liu, 2004), based on a single 
specimen exposed on part and counterpart shale slabs (D2166, 2167) from the Yixian 
Formation, has been synonymized with Mesophryne (Wang and Evans, 2006). Another 
nominal taxon (Liaobatrachus Ji and Ji, 1998) from the Yixian Formation is here treated 
as a nomen dubium (but see Dong et al., 2013), because the poorly preserved holotype 
specimen (GMV 2126) provides insufficient information to permit definitive recognition 
of this as a distinct species. Dong et al. (2013) provided a taxonomic revision of the Jehol 
fossil frogs, in which the three taxa (Callobatrachus, Mesophryne, and Yizhoubatrachus) 
were considered monophyletic and grouped collectively in a single genus 
Yizhoubatrachus. That revision, however, remains contentious and is not supported by a 
recent phylogenetic analysis (Chen et al., 2016). Here I treat the three Jehol frogs as 






Figure 3-1. Area map showing the location of Taipingqiao locality (Inner 
Mongolia) in relation to other Early Cretaceous frog fossil localities near Chaoyang in 
western Liaoning Province, China (satellite map from Map data @2013 AutoNavi, 
Google). 
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This chapter describes a new frog based on material from Lower Cretaceous beds 
exposed at the Pigeon Hill locality, near Taipingqiao village, Morin Dawa Autotomous 
Banner, Hulunbuir, Inner Mongolia, in the far north of northeastern China (Figure 3-1). 
The fossil beds exposed at the Pigeon Hill locality pertain to the Lower Cretaceous 
Guanghua (= upper part of Longjiang) Formation, lacustrine volcanic ash deposits 
occurring in the Dayangshu Basin along the south slope of the Great Khingan Range 
(e.g., Sun et al., 2005; Liu et al., 2008). The geological unit Guanghua Formation was 
named and described by the Heilongjiang Bureau of Geology and Mineral Resources 
(1993), based on volcanic rocks that were previously treated as the upper part of the 
Longjiang Formation (Compiling Group for Heilongjiang Regional Stratigraphic Scale, 
1979). The name Guanghua Formation has been adopted in regional geological maps and 
followed by some authors (Heilongjiang Bureau of Geology and Mineral Resources, 
1997; Zhang, 2010; Li W. et al., 2011; Zhou et al., 2013). Although some authors 
recently advocated reverting to the former usage of the Longjiang Formation (sensu lato) 
and discarding the name Guanghua Formation (e.g. Li Y. et al., 2013), both the 
Guanghua and Longjiang formations are used in current literature. The Guanghua (or 
upper part of Longjiang) Formation has been dated at 125 Ma, making it a temporal 
equivalent of the world-famed Yixian Formation in western Liaoning Province 
(Heilongjiang Institute of Geological Survey, 2005; Li Y. et al., 2013). No vertebrate 
fossils have been previously described from the Guanghua Formation; thus, this paper 
documents the first record of Lower Cretaceous amphibian fossils from the unit, far to the 
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Anatomical 
ang, angulosplenial; cen, centrale; cla, clavicle; cle, clethrum; col, columella; cor, 
coracoid; fe, femur; fibl, fibulare; frpa, frontoparietal; hu, humerus; il, ilium; iul, 
intermedium+ulnare; isc, ischium; max, maxilla; na, nasal; pal, palatine; par, 
parasphenoid; pm, premaxilla; ptg, pterygoid; qj, quadratojugal; r, rib; rad, radiale; ru, 
radioulna; sc, scapula; sm, septomaxilla; sq, squamosal; tf, tibiofibula; tibl, tibiale; uro, 





Amphibia Linnaeus, 1758 
Anura Rafinesque, 1815 
Pipanura Ford and Cannatella, 1993 
 




Figure 3-2. Photograph of the holotype of Genibatrachus baoshanensis gen. et sp. nov. 
(PKUP V0401): incomplete skeleton exposed on part and counterpart shale slabs.  A, 
skull and postcranial skeleton exposed in dorsal view; B, impressions of the skull and 










Genibatrachus baoshanensis gen. et sp. nov. 
 
Etymology – The generic name refers to the Geni River, a major tributary of the 
Nenjiang River that flows southward close to the type locality near Taipingqiao village. 
The species epithet refers to the Baoshan township near the type locality. 
Holotype – PKUP V0401, an incomplete adult skeleton preserved in volcanic shales, 
exposed in part and counterpart slabs. 
Type locality and horizon – Pigeon Hill, near Taipingqiao village, approximately 18 km 
northwest of Baoshan township, Morin Dawa Daur Autonomous Banner, Hulunbuir, 
Inner Mongolia, China; Lower Cretaceous Guanghua (=upper part of Longjiang) 
Formation (Barremian-Aptian). 
Referred specimens – PKUP V0402-V0412; all topotypic specimens preserved in 
volcanic shales, exposed in part and counterpart slabs. PKUP V0410-V0412 are juvenile 
individuals, whereas the remaining specimens are adults. 
Diagnosis – A new fossil belonging to the Pipanura (a clade consisting of the Pipoidea, 
Pelobatoidea, and Neobatrachia) based on the combination of the following characters: 
palatine present; eight presacral vertebrae; centrum procoelous; separate ribs present on 
the presacral II-IV; ribs V-VIII fused to the transverse processes of the presaral. It is 
distinguished from all other taxa in the Pipanura by the following combination of 
characters: alary process of premaxilla bifurcated; non-imbricate presacral neural arches; 




Description   
The holotype (PKUP V0401) and the 11 referred specimens are all dorso-
ventrally compressed, preserved as fairly complete and fully articulated skeletons 
embedded in pale-grey volcanic ash shales. However, all specimens were damaged in 
various degrees from splitting of the shale slabs during the collecting process. The 
holotype has most of the skeleton preserved in one slab, whereas the counter-part slab 
displays impressions of the dorsal aspect of the skeleton (Figures 3-2, 3-3). Adult 
specimens are of medium body size, and the preserved skin impressions show a plump 
body outline. The holotype has a skull length of 23 mm and a snout-vent length (SVL) of 
70 mm, whereas several other specimens reach a SVL of 80 mm. The collection also 
includes three juvenile specimens (PKUP V0410-0412), characterized by their small size 
(SVL of 30-45 mm), incomplete ossification of some skull elements (e.g., nasals, 
frontoparietals), and no ossification of the mesopodia in either fore- or hind limbs (Figure 
3-4).  
Skull  – The skull is slightly wider than long, and the dermal skull roof is smooth, 
without sculpture. The holotype skull is exposed in dorsal view, with a skull length of 23 
mm and a maximum width of 29 mm. As observed from several specimens including the 
holotype, the premaxilla has a robust alary process ascending from the mid-length of the 
pars dentalis. The dorsal end of the alary process is bifurcated with a small notch for  
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Figure 3-3. Holotype of Genibatrachus baoshanensis gen. et sp. nov. (PKUP V0401): 
line drawing of the incomplete skeleton and impressions of the skeleton in dorsal view, as 
exposed on part and counterpart shale slabs. 
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articulation with the rostral process of the nasal bone (Figures 3-2, 3-3). The pars palatina 
of the premaxilla is partly exposed in the holotype in dorsal view, displaying a triangular 
palatal process at the medial end of the premaxilla. The process has a straight medial 
border for articulation with the counter element. The pars dentalis of the premaxilla bears 
at least 15 teeth as observed from several specimens including the holotype. The teeth are 
slender and columnar, closely spaced, and pedicellate (as observed from several 
specimens that show the jaws in medial view). The tooth crowns are bicuspid, with the 
medial cusp obviously more crest-like than the laterally-located accessary cusp (best 
documented in the holotype, PKUP V0401). 
The septomaxilla is identified in several specimens, including the holotype. The 
element is ossified as a small dermal bone within the narial opening, attached to the inner 
side of the maxilla at the posterior rim of the opening, as occurs in all living frogs 
(Duellman and Trueb, 1994). Ossification of this element is also seen in small post-
metamorphosed individuals (e.g., PKUP V0410), indicating that it probably ossified at 
metamorphosis as in salamanders (Rose, 2003). 
 The paired nasals are well ossified and meet along the midline in large specimens, 
but in some juvenile specimens a small fontanelle may occur posteriorly between the 
nasals and the frontoparietals owing to incomplete ossification (Figures 3-2, 3-3). In its 
fully developed form, the nasal is wider than long, and more or less triangular-shaped. 
The dorsal surface of the nasal is domed at the center of the bone marking the position of 
the nasal capsule below. The domed surface is ornamented with several small bony 
bumps, whereas the flat part surrounding the dome has a smooth surface. A short rostral 
process contact the alary process of the premaxilla anteriorly, and the anterolateral border 
70	  
of the bone is slightly notched for the narial opening. The nasal contacts the maxilla by a 
lateral process and along the anterolateral border of the process as well. Posteriorly, the 
nasal has a more or less transverse sutural articulation with the frontoparietal. 
 The frontoparietals are paired, having a smooth dorsal surface without 
ornamentation. A frontoparietal fontanelle is present at variable sizes in juvenile 
specimens, but is closed in the fully-grown adult stage. The frontoparietal on each side 
has a straight lateral edge that borders the orbit, and has a small posterolateral process 
(margo prootica) in articulation with the prootic. The posterior half of the orbital border 
is flanged for attachment of the pterygoideus muscle. At the level behind the orbits, the 
posterior projections of the frontoparietals form a triangular process that wedges between 
the prootics, but does not extend to overhang the cranio-postcranial articulation. 
 The maxilla on both sides of the holotype is exposed in external view (Figures 3-
2, 3-3). The maxilla is deep and long, extending to the level of the posterior border of the 
orbit. The anterior border of the maxilla is slightly notched for articulation with the 
premaxilla. The pars dentalis of the maxilla bears a minimum number of 40 teeth, as 
observed in the holotype. The tooth row extends posteriorly to surpass the mid-level of 
the orbit, but does not reach the posterior extremity of the bone. The maxilla has a low 
facial process in articulation with the nasal in large specimens. In small specimens 
(PKUP V0410-V0412), however, the maxilla essentially has a straight dorsal margin, 
indicating that the facial process is developed and ossified late in ontogeny. Above the 
maxillary tooth row, a series of small alveolar foramina arranged horizontally in a linear 
fashion penetrate the lateral surface of the bone. Posteriorly, the maxilla gradually 
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decreases in its height and terminates as a tapered process that articulates medially with 
the quadratojugal to form a complete maxillary arcade. 
 The quadratojugal can be observed on both sides of the skull in several 
specimens, including the holotype. In dorsal view, the quadratojugal forms a slightly 
curved splint, but in lateral view it is an elongated plate anteriorly in contact with the 
maxilla and posteriorly in contact with the pterygoid and squamosal (Figure 3-3). The 
presence of a maxilla-quadratojugal articulation is considered a plesiomorphic condition 
in batrachians, whereas the absence of the quadragojugal in Ascaphidae, Leiopelmatidae, 
Scaphiopodidae and Pipidae is a derived condition. 
 The squamosal is triradiate, with a roughly T-shaped configuration. The anteriorly 
directed zygomatic ramus is a short spike that does not contact the maxilla. The 
posteriorly directed otic ramus is an even shorter process, in contact with the prootic. The 
ventral ramus is a straight bar, ventrally in articulation with the pterygoid and 
quadratojugal at the jaw suspensorium. 
 The palatal part of the skull is largely concealed in the holotype, but it can be 
observed in several other specimens (e.g., PKUP V0410) that have the skull exposed in 
ventral view. As observed from PKUP V0410, the pars palatina of the premaxilla along 
much of its length is a narrow shelf, but the shelf medially bears a palatal process as 
described above. The narrow shelf is in contact with the vomer (PKUP V0410), whereas 
the palatal process of the shelf is free from contacting the vomer (Fig. 5). The vomers 
meet medially. The vomer has a well-defined anterolateral process and a postchoanal 
process; between the two processes is a notch that marks the position of the internal 
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choana (Figure 3-5). Medial to the choana is a small patch of vomerine teeth (best shown 
in PKUP V0410).  
The palatine (=neopalatine of Trueb, 1993) is ossified as a slender bar as observed 
from both juvenile and adult specimens (Figure 3-5). The medial end of this slender bar is 
in articulation with either the vomer or sphenethmoid in juvenile specimens, but is 
apparently free from contacting the maxilla laterally (PKUP V0412). Presence of a 
palatine (neopalatine) is considered an apomorphic feature for neobatrachians (Trueb, 
1993: table 6.3), but the palatine is known as a discrete element in Triadobatrachus 
(Roček and Rage, 2000), fused with the vomer in Vieraella (Báez and Basso, 1996), or 
fused to the vomer or to the palatal process of the maxilla in many other frogs (Roček, 
2000). For Early Cretaceous anurans, the presence or absence of this element in 
Eodiscoglossus and Neusibatrachus is a matter of debate (Vergnaud-Grazzini and Wenz, 
1975; Roček, 2000; Báez and Sanchiz, 2007). 
The sphenethmoids are fully fused to form an azygous element in the palate. 
Lateral to the cultriform process of the parasphenoid, the posterior extension of the 
sphenethmoid terminates at the midlevel of the orbit. The parasphenoid displays an 
inverted T-shaped configuration as commonly seen in other frogs except pipoids. The 
cultriform process has parallel lateral borders, and has a blunt tip anteriorly in articulation 
with the sphenethmoid.  The anterior extension of the parasphenoid articulates with the 
sphenethmoid, but fails to reach the vomers. Posteriorly, the parasphenoid has well-
developed subotic alae that form the posterolateral wings in contact with the medial 
process of the pterygoid. Whether a posteromedial process of the parasphenoid is present 
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or absent cannot be ascertained because no specimen shows a complete posterior border 
of the bone. 
The pterygoid is typically triradiate, as commonly seen in other frogs. The 
anterior ramus extends to the mid-level of the orbit, with a tapering end laterally in 
articulation with the maxilla. The slenderer medial ramus extends below the anterior 
border of the prootic, and its medial end attaches to the anterior rim of the lateral ala of 
the parasphenoid. The posterolateral ramus is only half the length of the anterior ramus, 
and its distal end articulates with the quadratojugal and squamosal. 
The prootic and exoccipital are fused dorsally to cover the otic capsule and 
posteriorly to articulate with the atlas. No gap or clear suture can be identified at the 
midline behind the frontoparietals; thus, the foramen magnum of this new frog is dorsally 
bound by the midline contact of the exoccipitals. As observed in the holotype and other 
specimens in which the prootic-exoccipital complex is exposed, the columella (=stapes) 
is ossified as a slender stylus (Figure 3-3), extending below the prootic from the otic 
capsule to the cheek, where the tympanic ring was located in life. A columella is present 
in most extant frogs, except for Ascaphus, Leiopelma, rhinophrynids, and some 
neobatrachians (Trueb, 1993). 
A pair of posteromedial processes of the hyoid is ossified and preserved in several 
specimens (e.g., PKUP V0401, V0402) as short bar-like structures diverging 
posterolaterally and partly exposed lateral to the atlas (Figures 3-2, 3-3). Such a pair of 
hypobranchial elements is invariably ossified in extant frogs (Trueb, 1993). The presence 
of these elements in small specimens (PKUP V0410-V0412) indicates that the process 
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ossified before maturity in this Early Cretaceous frog (Figure 3-5). No specimen shows a 
bony parahyoid, and the hyoid plate likely was entirely cartilaginous. 
 
Mandible – The mandibles are largely concealed in the holotype, and are poorly 
preserved in other specimens (e.g., PKUP V0402, V0405, V0410-0412). Based on the 
available information, the dentary is edentate with a smooth dorsal crest as seen in most 
other anurans. The dentary covers the anterior two-thirds of the external aspect of the 
lower jaw.  None of the available specimens has the anterior end of the mandible well 
exposed; thus, whether a mentomeckelian is present or absent cannot be determined. The 
angulosplenial is larger than the dentary. It extends anteriorly along the inner side of the 
dentary to a point close to the mandibular symphysis, but also forms the posterior one-
third of the external surface of the mandible. 
Vertebral Column – The vertebral column consists of eight presacrals (including the 
atlas), a single sacrum, and a free urostyle. The neural arches of the presacrals are not 
significantly imbricated. The non-imbrication of the presacrals is similar to the condition 
in modern Ascaphus, Leopelma, Alytes, and some neobatrachians, but differs significantly 
from pipoids and pelobatoids. Several specimens (e.g., PKUP V0404, V0406, V0411) 
display the ventral view of the presacral series, which shows the procoelous type of 
centrum. The atlas displays no transverse processes, indicating no possible fusion of the 
atlas with presacral II. The dual cotyles of the atlas are close to each other. 
 Large specimens show that presacrals II-IV bear free ribs in adults, whereas small 
specimens show free ribs articulated with the transverse processes on all presacrals 
except the atlas (Figures 3-4, 3-6). In adult specimens, the first pair of ribs has a hooked 
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process at the distal end and the second pair has a small spike posteriorly close to the 
base of the rib (termed uncinate processes). Uncinate processes are present on ribs in 
basal anurans, and are considered functionally associated with the origin of pectoral 
muscles (Ritland, 1955). In the new frog Genibatrachus baoshanensis, the ribs associated 
with vertebrae III and IV are more or less dumb-bell shaped, and the ribs of vertebra III 
are the most robust. Having free ribs restricted to the vertebrae II to IV in the adult stage 
is a derived condition in comparison with Jurassic stem anurans, but a plesiomorphic 
condition within crown-group anurans (see text below). Posteriorly, the new frog has the 
short transverse processes of prescrals V-VII directed more or less laterally, in contrast to 
the anterolaterally-directed condition typical of pipoids and pelobatoids.   
 The sacral vertebra is roughly the same size as the trunk vertebrae. The 
prezagapophyses are well developed and in articulation with the last presacral, whereas 
the postzagapophyses are entirely absent, as in extant anurans (Duellman and Trueb, 
1994). The diapophysis of the sacral is essentially unexpanded, and is oriented 
posterolaterally. The non-expanded condition is probably plesiomorphic in frog 
evolution, similar to that in living Ascaphus and Leopelma and the Jurassic frogs such as 
Prosalirus (Jenkins and Shubin, 1998), Vieraella and Notobatrachus (Estes and Reig, 
1973; Bàez and Basso, 1996), but differs from the condition in pipoids and pelobatoids, 
in which the sacral diapophysis is strongly dilated. The sacral vertebra posteriorly has 
two condyles for a bicondylar articulation with the urostyle. 
The length of the urostyle is similar to or slightly shorter than the combined 
length of the trunk series. The urostyle bears one pair of transverse processes 




Figure 3-4. Referred specimens of Genibatrachus baoshanensis gen. et sp. nov. (juvenile 
individuals): A, PKUP V0411 in dorsal view; B, PKUP V0412 in ventral view. 
 
 
Figure 3-5. Palatal structures of Genibatrachus baoshanensis gen. et sp. nov. (PKUP 
V0412). Arrow points to ossified posteromedial process of the hyoid. 
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Figure 3-6. Ontogenetic fusion of ribs to transverse process of the vertebra: A, PKUP 
V0410 (juvenile); B, PKUP V0411 (juvenile); C, PKUP V0406 (young adult); D, PKUP 
V0404 (fully grown adult). Scale bar= 5 mm.  Note that PKUP V0410 and V0411 (A and 
B) show all trunk vertebrae with free ribs articulated with the transverse process, PKUP 
V0406 (C) shows a transitional stage of fusion of the ribs on posterior trunk vertebrae, 
while PKUP V0404 (D) shows ribs fully fused to the transverse process on the posterior 
trunk vertebrae. 
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but several other specimens including the juvenile individuals have the processes exposed 
(Figure 3-4). The urostyle is dorsally smooth and lacks a dorsal crest, but has a groove 
running ventrally along its long axis. Posteriorly the urostyle reaches the ischiac arch, 
where the tapering tip of the urostyle sits in the V-shaped ischiac arch. 
 
Pectoral girdle and forelimbs – The pectoral girdle is likely of arciferal type, as 
indicated by the oblique position of the coracoid in relation to the clavicle. The curved 
clavicle is roughly sickle-shaped, and the two elements appear to have an abutting contact 
at the midline. The lateral end of the clavicle has a spike-like process, with its concave 
posterior border wrapping around the anteromedial edge of the scapula. The coracoid has 
a slender shaft, but it is expanded at both its medial and lateral ends, with the lateral 
expansion slightly wider than the medial sternal end. The two coracoids are widely set 
apart medially, without direct contact at their sternal ends. This morphology of the 
coracoids, in keeping with the sickle-shaped clavicles, indicates an arciferal type of 
pectoral girdle (Kaplan, 2004). The scapula is short and stout, at no more than one-third 
the length of the humerus. The leading edge of the scapula is weakly concave, whereas its 
posterior border is concave to a greater degree. The medial or glenoid end of the scapula 
lacks a notch or cleft; thus there is no clear distinction between the pars acromialis and 
pars glenoidalis. The cleft and uncleft conditions of the scapula seem to be highly 
variable in fossil and extant frogs (Ritland, 1955; Kluge and Farris, 1969; Worthy, 1987), 
and the phylogenetic significance of the character needs to be more fully investigated. 
The cleithrum is ossified as a thin and widened plate at its base, and a tongue-like process 
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extends towards the midline. The cleithrum is penetrated by several tiny foramina at its 
base and the medial process. 
 The humerus in large specimens has well-ossified proximal and distal ends, 
whereas the same element in small individuals shows incomplete ossification at both 
ends. As observed from adult specimens, the expanded proximal end carries a rounded 
humeral condyle for articulation with the scapula, and a clearly defined crest (cresta 
ventralis) for the attachment of pectoral muscles extends anteroventrally to the midlevel 
of the shaft. At the distal end of the humerus, a well-ossified ventral head articulates with 
the radioulna.   
 The radioulna is fully fused into a single bone, which has a short shaft constricted 
between the expanded proximal and distal ends. An olecranon process is recognizable as 
a small projection, dorsal to which lies the fossa for articulation with the ventral head of 
the humerus. Towards the distal end of the radioulna, a longitudinal sulcus marks the 
fusion of the two elements, but the two condyles are still distinguishable from one 
another at the end of the bone. 
Large specimens show a variable number of ossified carpals, whereas small 
individuals show no ossification of mesopodial elements. Six carpal elements are 
observed in the left hand of the holotype: radiale, fused intermedium-ulnare, large 
centrale, and distal carpals 2, 3 and 4 (Figure 3-3). Distal carpals 3 and 4 are dislocated 
because of preservational distortion, but other elements are essentially in their natural 
position. The presence of only two proximal carpals indicates that the intermedium is 
probably fused with the ulnare. Distal carpal 5 is probably fused with distal carpal 4, as 
indicated by the large size of the latter element. A prepollex is absent in the holotype and 
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all other specimens. Among the metacarpals (Mc) preserved in the holotype, Mc II is the 
shortest (3 mm long in the holotype). Mc III and IV are roughly equal in length (4 mm in 
the holotype), whereas Mc V is shorter (3.5 mm long). Mc I has a smooth lateral border, 
showing no trace of a possible nuptial tubercle, which occurs in some frogs. This new 
frog, Genibatrachus baoshanensis, has a common phalangeal formula of 2-2-3-3 in the 
manus, as observed from all specimens with this part of the limb preserved. Judging from 
multiple specimens, digit I is in a normal position, showing no sign of inward rotation; 
thus, the new frog lacks carpal torsion. 
 
Pelvic girdle and hind limbs – The ilium has a cylindrical shaft that lacks a clearly 
defined dorsal crest. The dorsal tubercle (tuber superior) is present as a small process 
rather than a distinct protuberance anterodorsal to the supra-acetabulum crest (PKUP 
V0402-0404, and V0407), for the attachment of m. gluteus magnus (Duellman and 
Trueb, 1994). In living frogs, the dorsal tubercle is either absent or low, but the lack of a 
distinct dorsal tubercle is a primitive condition for Anura, as evidenced by the condition 
in the Jurassic stem anurans Prosalirus and Notobatrachus (Shubin and Jenkins, 1995; 
Báez and Nicoli, 2008). The supra-acetabulum crest is present, but not noticeably high. 
The two ilia are in sutural contact posteroventrally to form an iliac symphysis 
(synchondrosis). The ischium has a dorsal expansion above the acetabulum and a 
posterior projection in dorsal view. 
The femur is straight in small specimens (Figure 3-4), but is weakly sigmoid in 
large individuals (Figure 3-3). The fused tibiofibula is straight, having a slender shaft and 
slightly expanded proximal and distal ends. The tibiofibula is slightly longer than the 
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femur as observed in both small and large specimens that have the long bones completely 
preserved.   
The tibiale and fibulare are unfused, but contact one another at both ends, leaving 
a narrow fissure-like gap between the two bones. Both elements are slender and elongate, 
with the fibulare slightly longer than the tibiale (16 mm vs. 15 mm in the holotype). As 
observed in both large and small specimens, the length of the tarsal segment is slightly 
greater than half the length of the tibiofibula, indicating that the proportions of the tarsal 
segment in relation to the tibiofibula are not variable ontogenetically. No distal tarsals are 
ossified in the holotype and other large specimens, indicating that ossification of the hind 
foot is ontogenetically postponed in relation to the forefoot. Among the metatarsals (Mt) 
observed in the holotype, Mt IV is the longest (9 mm), followed by Mt III (8 mm). Mt II 
and V are roughly equal in length (7.5 mm), whereas the shortest metatarsal, Mt I, is only 
4 mm long. The phalangeal formula of the pes is 2-2-3-4-3, a typical pattern for most 
frogs. Digit I is the shortest, and digit IV the longest, in keeping with the relative length 
of the corresponding metatarsals. No prehallux nor any trace of cartilaginous impressions 





Phylogenetic position and comparisons with other Early Cretaceous fossil taxa 
Combined phylogeny with both morphological and molecular data confirmed 
Genibatrachus baoshanensis as a basal member of the Pipanura (Figures 2-2, 3-7), with 
82	  
 
Figure 3-7. Relationships of Genibatrachus baoshanensis with other living and 
fossil frogs (Modified from Figure 2-2). The new fossil is highlighted in red. 
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unresolved relationships with the Pipoidea and Acosmanura (Pelobatoidea+Neobatrachia). 
It shares with the Pipanura the presence of eight presacral vertebrae and procoelous 
centra. In modern frogs, the presence of eight presacral vertebrae is seen in the Pipanura 
and “Discoglossidae” (recovered as paraphyletic, see Chapter 2), but not in the 
Leiopelmatoidea (with nine presacrals). Procoelous centra only occur in Pipanura, 
whereas “Discoglossidae” have opisthocoelous centra and Leiopelmatoidea have 
amphicoelous centra. The new fossil taxon retains plesiomorphic morphologies within 
the Pipanura, such as the presence of ribs on presacral II-IV and non-imbricate neural 
arches, preventing it from being included in either of the crown clades in any 
phylogenetic analyses in this study.  
 Previously, the Early Cretaceous frog record from northern China comes solely 
from the Jehol Biota (Barrenmian/Aptian), exposed in a restricted area in western 
Liaoning and southeast Inner Mongolia (Figure 3-1). Those frogs (Callobatrachus, 
Mesophrye, and Yizhoubatrachus) were recovered as occupying paraphyletic positions at 
the base of the “Discoglossidae”+Pipanura (Figure 3-7), retaining plesiomorphic 
morphologies such as the presence of nine presacrals and an amphicoelous centrum. 
Genibatrachus baoshanensis was recovered from a new locality far north of the Jehol 
Biota (Figure 3-1). Despite similar ages, the new fossil taxon is more derived in 
morphology when compared with the Jehol frogs, differing from the latter in the 
combination of the following characters: alary process of premaxilla bifurcated; eight 
procoelous presacral vertebrae; anterior trunk vertebrae II-IV bearing free ribs; sacral 
diapophysis non-expanded and posterolaterally oriented; urostyle bearing a single pair of 
transverse processes; clavicle sickle-shaped and closely approaching or in contact with 
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the counter element; tibiofibula slightly longer than femur; tarsal segment slightly longer 
than half length of tibiofibula in adult stage; fibulare slightly longer than tibiale; 
phalangeal formula 2-2-3-3 in manus and 2-2-3-4-3 in pes.  
 A number of well-preserved fossil frogs have been discovered from Early 
Cretaceous (Barremian) beds of Spain (Sanchiz, 1998; Rocek, 2000; Báez and Sanchiz, 
2007; Báez, 2013), and are slightly older than the fossil frogs from China. Eodiscoglossus 
santonjae and a recently described taxon Iberobatrachus angelae are both discoglossid-
like forms, characterized by opisthocoelous centra, which differs from the procoelous 
centra seen in Genibatrachus baoshanensis. Iberobatrachus, Eodiscoglossus and 
Genibatrachus all retain the plesiomorphic condition of the presence of free ribs in 
presacrals II-IV. Early Cretaceous Neusibatrachus wilferti and Gracilibatrachus avallei 
from Spain, on the other hand, clearly belong to the specialized clade Pipoidea, most 
notably supported by their azygous frontoparietal, absence of posterolateral wing of 
parasphenoid, and long transverse processes on presacral II-V indicating rib fusions. 
Genibatrachus baoshanensis lacks any of these specializations, and thus is not related to 
the Pipoidea.  
 The Early Cretaceous Crato Formation (Aptian-Albian) of northeastern Brazil is 
also known for well-preserved fossil frogs, representing one of the best Gondwanan 
Cretaceous fossil frog assemblages (Báez et al., 2009). Three fossil species, Arariphrynus 
placidoi, Euricephalilla alcinae and Cratia gracilis, were identified and included in the 
Neobatrachia, representing the earliest neobatrachians known worldwide (Báez et al., 
2009). Genibatrachus baoshanensis shares with these frogs the presence of a palatine, 
non-imbricate neural arches, and non-expanded and posterolaterally directed sacral 
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diapophysis. However, the new frog differs in retaining the plesiomorphic condition of 
free ribs in presacral II-IV, which is absent in all three Brazilian fossil taxa.  
When comparing the Early Cretaceous frog faunas of northern China, Spain, and 
northeastern Brazil, it can be concluded that each represents completely different lineages 
of evolution. The previously-known fossil frogs from China (Mesophryne, 
Callobatrachus, and Yizhoubatrachus) represent basal members of crown frogs in the 
phylogenetic analysis in this study. The discovery of Genibatrachus baoshanensis shows 
that basal pipanurans also were present in East Asia by Early Cretaceous. The fossil frogs 
from Spain represent discoglossid-like forms (represented by Eodiscoglossus and 
Iberobatrachus) and basal pipoids (represented by Neusibatrachus and 
Gracilibatrachus). The Gondwanan fossil frogs from the Early Cretaceous of Brazil, in 
sharp contrast to those from the Laurasian faunas, were closely related to modern 
neobatrachians. The large diversity of Early Cretaceous frogs and the remarkable 
difference in the frog faunal compositions among continents indicate a deep history of 
vicariance, and an early diversification radiation of crown frogs in the Early Cretaceous.  
 
Evolution of modern frog body plans 
 The new frog described in this chapter is based on multiple adult and larval 
specimens. They show a unique combination of postcranial characters that are 
ontogenetically and phylogenetically informative in terms of body plan evolution in early 
frogs: eight presacral vertebrae, free ribs associated with presacral II-IV, ribs V-VIII 
fused with transverse processes of presacrals through ontogeny, non-imbracte neural 
arches, and non-expanded sacral diapophysis. Combined with the other early fossil frogs 
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and results from the combined phylogeny as a framework (Figure 3-7), here I discuss 
how the body plan of frogs gradually accumulated across lineages and through time.  
 
Shortening of vertebral column – Reduction in the number of trunk vertebrae is a major 
trend in anuran evolution (Griffiths, 1963; Kluge and Farris, 1969; Lynch, 1973; Shubin 
and Jenkins, 1995). Most living frogs have no more than eight presacral vertebrae, with 
the exception of the Leiopelmatoidea (Ascaphus and Leiopelma) having nine. The 
Triassic proanuran Triadobatrachus has as many as 14 presacral vertebrae (Rage and 
Roček, 1989), whereas the number of vertebrae is unknown for the closely related 
Czatkobatrachus from the Triassic of Poland (Evans and Borsuk-Bialynicka, 1998). One 
Jurassic stem anuran, Vieraella, has ten presacrals, and Notobatrachus has nine (Báez 
and Basso, 1996; Báez and Nicoli, 2008). The Early Jurassic Prosalirus from North 
America is based on a composite of isolated elements from different individuals; thus, the 
actual number of presacral vertebrae cannot be determined (Shubin and Jenkins, 1995). 
Among all known Jurassic anurans, Rhadinosteus from Utah is the only taxon reliably 
known to have eight presacrals (Henrici, 1998).  
All previously known Early Cretaceous frogs from the Jehol Biota in China 
(Callobatrachus, Mesophryne, Yizhoubatrachus) have nine presacrals, although they 
lived roughly at the same time as the new frog Genibatrachus baoshanensis from the far 
north of Inner Mongolia. The Early Cretaceous Neusibatrachus from Spain also has nine 
presacrals, with presacral I and II being fused (Báez and Sanchiz, 2007). Estes and Reig 
(1973) considered the possession of nine presacral vertebrae in extinct and extant frogs as 
a fixed condition for a long interval in anuran history. Because Jurassic-Cretaceous and 
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some extant forms (Ascaphus and Leiopelma) have nine presacral vertebrae, reduction of 
the trunk vertebrae to eight is a character transformation that clearly took placed within 
the clade of crown-group anurans, probably somewhere near the base of the 
“Discolossidae”+Pipanura clade. The anatomy of the new Early Cretaceous frog 
Genibatrachus, in addition to the Early Cretaceous fossil frogs from Spain and Brazil, 
shows that the reduction of presacral vertebrae to eight in frog evolution occurred no later 
than the Early Cretaceous. 
      
Anterior presacrals bearing ribs – Another major trend in frog evolution is the 
reduction and ultimately the loss of free ribs, in association with the shift from coelom-
driven respiration to buccal-pump respiration (Duellman and Trueb, 1994). This trend of 
evolution is corroborated from both ontogenetic and paleontological evidence. According 
to Pugener et al. (2003: character 41), extant Ascaphus, Leopelma and discoglossids are 
the only groups that have three (or occasionally four) pairs of free ribs in their larval and 
adult stages. Extant pipoid species have free ribs in the larval stage, but the ribs are fused 
to the transverse processes around metamorphosis. Developmental studies documented 
that rib rudiments are also present in the larva of some neobatrachians (Hyla and Rana) 
and pelobatoids (Pelobates), but are subsequently absent in adults (Blanco and Sanchiz, 
2000). It was unclear whether the loss was due to resorption or fusion, according to 
Blanco and Sanchiz (2000). 
In the fossil record, the Early Triassic proanuran Triadobatrachus has all of its 
trunk vertebrae bearing free ribs (Sanchiz, 1998). In addition, Tradobatrachus also has 
ribs unfused to the sacral vertebra, and at least the first caudal vertebra bears free ribs. 
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The Early Jurassic stem anuran Prosalirus and the Late Jurassic Notobatrachus are both 
known to have 4-5 pairs of free ribs associated with their anterior trunk vertebrae (Shubin 
and Jenkins, 1995; Bàez and Basso, 1996), and the Early Jurassic Vieraella has three 
pairs of free ribs (Roček, 2000). The rib condition for the Late Jurassic Rhadinosteus is 
still unknown (Henrici, 1998). Among the Early Cretaceous frogs, the European 
Neusibatrachus probably has four pairs of free ribs (Báez and Sanchiz, 2007), whereas 
Eodiscoglossus from Spain and all previously known frogs from the Jehol Biota of China 
have three pairs of free ribs associated with the trunk vertebrae II to IV (Sanchiz, 1998; 
Gao and Wang, 2001; Gao and Chen, 2004). Neogene Palaeobatrachus from Central 
Europe has five pairs of free ribs during development, but these are fused with the 
transverse processes of presacral vertebrae II-VI in adults (Špinar, 1972; Roček, 2003). In 
view of the fossil record and knowledge from extant anurans, possession of three pairs of 
free ribs should be regarded as a derived condition compared with Jurassic stem anurans, 
but a plesiomorphic condition in relation to crown-group anurans. The complete loss of 
adult ribs in frogs occurred probably at the base of the crown Pipanura, as the new basal 
pipanuran Genibatrachus still possess ribs II-IV. 
 Comparative study of juvenile and adult specimens of the new frog described in 
this chapter also reveals ontogenetic information regarding the development of ribs, 
corroborating the developmental patterns known from extant groups (Blanco and 
Sanchiz, 2000; Pugener, 2003). All large specimens have ribs articulated with the 
transverse processes of the first three trunk vertebrae. However, juvenile specimens have 
free ribs associated with all trunk vertebrae (Figures 3-4, 3-6). As observed from three 
juvenile specimens (PKUP V04010-V0412), the anterior trunk vertebrae II-IV bear free 
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ribs as also seen in adult specimens, but the trunk vertebrae V-VIII have short ribs 
articulated with the transverse processes in contrast to the adult condition (Figure 3-6A, 
B, C). Because these small specimens have a SVL of 30-45 mm, substantially shorter 
than that of the holotype (70 mm) and other large specimens (maximum 80 mm), 
presence of free ribs associated with all trunk vertebrae represents a developmental 
feature, which is evidently different from the condition in adults. More interesting is a 
specimen (PKUP V0406) with an SVL estimated as ~65 mm: it displays probably the 
final stage of rib fusion to the transverse process on posterior trunk vertebrae (Figure 3-
6C), during which the suture between the transverse process and the rib is not easily 
indistinguishable, but the coloration of the two elements is still different, reflecting their 
recent independence just prior to fusion. Since the specimen is substantially larger than 
the juveniles but slightly smaller than other large specimens, it is interpreted as a subadult 
approaching the fully-grown adult stage, specimens of which have a SVL of over 70 mm. 
 
Procoelous type of centrum – Three types of vertebral centrum occur in extant frogs. 
An amphicoelous centrum is the plesiomorphic condition for frogs, as evidenced by the 
condition in the proanuran Triadobatrachus and the basal anurans (Ascaphus and 
Leopelma). In other frogs two independent apomorphic conditions occur. Discoglossids 
(Alytes, Bombina, Barbourula, and Discoglossus) and pipoids (Pipa, Xenopus, and 
Rhinophrynus) have an opisthocoelous type of centrum, which is convex anteriorly and 
concave posteriorly. The Pelobatoidea and Neobatrachia, on the other hand, have a 
procoelous type of centrum, which is concave anteriorly and convex posteriorly.  
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 In the fossil record, the Jurassic taxa Prosalirus, Vieraella and Notobatrachus all 
have the plesiomorphic condition of amphicoelous centra (Rocek, 2000), similar to the 
proanuran Triadobatrachus. The Jehol frogs Yizhoubatrachus and Callobatrachus were 
originally reported to have opisthocoelous centra (Gao and Wang, 2001; Gao and Chen, 
2004), and Mesophryne procoelous centra (Gao and Wang, 2001), but Dong et al. (2013) 
considered all three Jehol frogs to have amphicoelous centra. Eodiscoglossus and 
Iberobatrachus from the Early Cretaceous of Spain possess opisthocoelous centra, shared 
with other discoglossids (Rocek, 2000; Báez, 2013). Interestingly, the basal pipoids 
Neusibatrachus, Paleobatrachus and Gracilibatrachus, unlike their living relatives with 
opisthocoelous centra, all possess procoelous centra (Rocek, 2000; Báez and Sanchiz, 
2007; Báez, 2013). Genibatrachus, as a basal member of the Pipanura, also possesses 
procoelous centra. Using this character in the phylogeny and optimizing it in the MPTs 
indicate that the procoelous centrum is a shared derived character of the Pipanura. The 
clade of modern pipoids further evolved the opisthocoelous condition from a procoelous 
condition. 
  
Non-imbricate neural arches – Genibatrachus shares the apomorphic condition of non-
imbricate neural arches with Ascaphus, Leopelma, and some neobatrachians, whereas in 
most “archaeobatrachian” frogs the neural arches are weakly (Discoglossidae) or strongly 
(Pipoidea and Pelobatoidea) imbricate, with the arches roofing over the spinal cord. 
However, based on the results of the combined phylogeny (Figure 3-7), the derived 
condition in Ascaphus+Leiopelma and some but not all neobatrachians is probably 
convergent. Furthermore, this character may be correlated with mode of locomotion, with 
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‘hoppers’ more likely to have non-imbricate neural arches and ‘crawlers’ having 
imbricated neural arches. Further work is needed to evaluate the phylogenetic 
significance of this character. 
 
Modification of the sacrum, urostyle, and pelvic girdle – As the most speciose group 
of modern amphibians, anurans have evolved a highly specialized pelvic region along 
with the evolution of a unique type of hopping/jumping locomotion. Four traits have been 
highlighted in discussing the phylogenetic and functional aspects of the frog pelvis 
(Emerson, 1979; Shubin and Jenkins, 1995; Reilly and Jorgensen, 2011): expansion of 
the sacral diapophysis, dorsal ridge on the ilium, type of sacrum-urostyle articulation, and 
dorsal ridge on the urostyle. The pelvic region of the Early Triassic proanuran 
Triadobatrachus is extremely different from that of modern frogs, with salamander-like 
sacrum, presence of sacral ribs, short ilium, and presence of six caudal vertebrae instead 
of a fused urostyle. The rigid sacrum-ilia articulation of Triadobatrachus suggests the 
incapacity of jumping locomotion (Shubin and Jenkins, 1995). The typical form of the 
frog pelvis appeared first in the Jurassic Prosalirus and Notobatrachus (Shubin and 
Jenkins, 1995; Báez and Nicoli, 2008), characterized by a non-expanded sacral 
diapophysis directed posterolaterally, smooth urostyle/ilium without dorsal ridge, and a 
bicondylar sacrum-urostyle articulation. This set of characters is also present in the most 
primitive living frogs Ascaphus+Leiopelma, all Early Cretaceous fossil discoglossids and 
pipoids from Spain (Báez and Sanchiz, 2007; Báez, 2013), and the Early Cretaceous 
fossil neobatrachians from Brazil (Báez et al., 2009), but not in the Jehol frogs. All three 
Jehol frogs are characterized by a moderately-expanded hatchet-shaped sacral 
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diapophysis, bicondylar sacrum-urostyle articulation, and smooth urostyle and ilia (Gao 
and Wang, 2001; Gao and Chen, 2004). Sharply different from the condition in the Jehol 
frogs, the new frog Genibatrachus displays a non-expanded sacral diapophysis. Modern 
pipids (Pipa and Xenopus), adapted to a swimming lifestyle, have a specialized pelvic 
morphology of greatly expanded sacral diapophysis, and fusion of the sacrum and 
urostyle. Modern Pelobatoidea are also known to have moderately or greatly expanded 
sacral diapophysis, but the sacrum and urostyle are either fused or bear a monocondylar 
articulation, which was considered to be related to their crawling locomotion style (Reilly 
and Jogensen. 2011). Specialized long-distance jumpers evolved multiple times in the 
Neobatachia (Reilly and Jogensen, 2011), characterized by the combination of non-
expanded rod-like sacral diapophysis, and urostyle and/or ilium with a dorsal ridge.  
 The polarity of transformations of the sacral diapophysis morphology was 
controversial in previous studies. Based on out-group comparison and fossil evidence, I 
treat the non-expanded condition as plesiomophic, and both hatchet-shaped and butterfly 
wing-shaped expanded conditions as derived features. This interpretation of the evolution 
of this character concurs with that of some previous authors (e.g., Estes and Reig, 1973), 
but differs from others (e.g., Tihen, 1965; Reilly and Jogensen, 2011), who thought that 
the evolutionary transition was from the expanded to the non-expanded condition (see 
also Lynch, 1973).       
 
Conclusion 
 In this chapter, I described a new fossil frog from the Early Cretaceous Guanghua 
Formation of Inner Mongolia, China. It extends the geographic distribution of Jehol frogs 
93	  
from western Liaoning to the far north of China, close to the 50-degree parallel. The 
unique combination of plesiomorphic and derived morphologies places the new frog as a 
basal member of the Pipanura, which include modern Pipoidea, Pelobatoidea and 
Neobatrachia. Comparisons of this new frog with other Early Cretaceous frogs from 
China, Spain and Brazil reveal a high diversity of frog species coupled with a high degree 
of endemism. The new fossil provides important information on the early evolution of 
modern frog body plans related to the reduction of vertebral column, fusion of ribs, 
acquisition of procoelous centrum, imbrication of neural arches, and the modification of 
pelvic region. The presence of both juvenile and adult specimens provides ontogenetic 
evidence of pattern and pathway of rib fusion in fossil frogs.   
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Chapter 4 A taxonomic review of Mesozoic salamanders from northern China, and 




 Salamanders and newts (Anura: Urodela) are one of the three major modern 
amphibian clades today, along with frogs (Anura) and caecilians (Gymnophiona) 
(Duellman and Trueb, 1994). Compared with highly specialized frogs or caecilians, 
salamanders show morphological conservatism during their evolution in having a more 
generalized skull plan, retaining normal proportions of the body and usually two pairs of 
equal-sized limbs, and possessing a tail. Salamanders utilize an array of developmental 
trajectories. Normally, they experience a rapid post-embryonic developmental transition 
from larvae to adults called metamorphosis, in which the larval features such as the 
external gills and tail fins disappear and adult features such as the lungs appear 
(Duellman and Trueb, 1994; Rose, 2003). All members of four families and some 
members of all other families, however, are neotenic (=paedomorphic), retaining larval 
features in sexually mature adults (Duellman and Trueb, 1994; Rose, 2003). Some 
members of the familiy Plethodontidae display the “direct development” trajectory, in 
which the larval stage is lost (Duellman and Trueb, 1994; Wake and Hanken, 1996; Rose, 
2003). Because of their morphological conservatism and developmental flexibility, 
salamanders have been employed as a model system for studies in different fields of 
biological sciences, including systematics, ecology, and developmental biology (Wake, 
2009). For example, the diversity of salamander limb structures has been established as a 
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model system for the analysis of the role of development in evolution (Alberch and Gale 
1985; Hanken 1985; Shubin et al. 1995; Shubin and Wake 2003); the plethodontid 
Ensatina in the western North America has been one of the best documented occurrences 
of ring species (Wake and Scheider, 1998; Wake, 2005). 
 Modern salamanders include 683 species in 68 genera and ten families widely 
distributed across the Northern Hemisphere, with members of the Plethodontidae 
dispersed into the tropical America (Amphibiaweb, 2015). Prior to major fossil 
discoveries from China, crown salamander fossils had been extremely sparse in the 
Mesozoic: all but two crown families had their fossil records confined to the Cenozoic 
(Estes, 1981). The two exceptions were the Amphiumidae and Sirenidae, which have 
records extending back into, respectively, the latest Maastrichtian and the Campanian 
(Estes, 1981; Gardner, 2003); both families are geographically confined in North 
America. Other Mesozoic salamanders from North America and Europe cannot be 
assigned to any of the known salamander families. In North America, the Middle/Late 
Jurassic Iridotrition (Evans et al., 2005) was originally reported as a salamandroid, but 
was recognized as a possible cryptobranchoid in a recent phylogeny (Gao and Shubin, 
2012). In Europe, Marmorerpeton is based on fragmentary material from the Middle 
Jurassic Forest Marble Formation at Kirtlington, England, and was regarded as a stem-
group salamander (Evans et al., 1988); several other unnamed salamanders also are 
known from Kirtlington and from Skye, Scotland (Evans and Milner, 1994, 1996; Milner, 
2000; Evans et al., 2005). Another European genus, Valdotriton, is based on articulated 
material from the Lower Cretaceous La Huérguina Formation in Spain; it originally was 
classified in the Neocaudata (Evans and Milner, 1996), but recently was assigned to the 
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suborder Salamandroidea (Gao and Shubin, 2012). In addition, several problematic taxa 
were reported in the literature as possible sirenids from Gondwana, but those 
identifications have been refuted or disputed in later studies. Among these, an unnamed 
taxon based on fragmentary dentary material from the Lower Jurassic of India was 
originally referred to the Sirenidae (Yadigari, 1986), but has been shown to be 
nondiagnostic for either a sirenid or a urodele (Evans et al., 1996). Kababisha based on 
fragmentary jaws and vertebrae from the Cenomanian of Sudan (Evans et al., 1996) and 
Noterpeton based on vertebral material from the Maastrichtian of Bolivia (Rage et al., 
1993) were referred to or transferred to the Sirenidae (Evans et al., 1996), but assignment 
of these genera to the Sirenidae has been disputed (Gardner, 2003). 
 The paucity of well-preserved Mesozoic fossils has hampered studies of the early 
evolutionary history of salamanders. Fortunately, major fossil discoveries since the late 
1990s in northern China have substantially improved our knowledge of Mesozoic 
salamanders and have provided many informative specimens for documenting and 
interpreting the early diversity and evolution of this long-lived amphibian group. These 
new samples consist of exceptionally preserved, articulated salamander fossils collected 
through extensive field expeditions to lacustrine deposits of Middle Jurassic–Early 
Cretaceous age that are exposed in northern Hebei Province, western Liaoning Province, 
and southern Inner Mongolia (Figure 4-1). At many localities, salamander specimens are 
preserved in dense concentrations numbering hundreds (e.g., Fengshan) or even 
thousands (e.g., Guancaishan) of specimens. Based on these fossils, ten species in nine 
genera have been named and described in publications, and a few more new taxa have yet 
to be named and described. The fossils from China represent the most species diverse, 
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most individually abundant, and most exquisitely preserved salamander fossil assemblage 
known from the Mesozoic. Taxonomic diversity of the fossil forms reflects a significant 
early radiation of Juro-Cretaceous salamanders in northern China.  
In this chapter, I provide a brief review of the stratigraphy and taxonomy of these 
Chinese salamander fossils. Furthermore, a new species is described based on four well-
preserved specimens from the Late Jurassic Tiaojishan Formation (~157 Ma) of western 
Liaoning Province, China. The new salamander – although primitive looking in general – 
possesses several derived characters that indicate its affiliation with the highly 
specialized family Sirenidae. I perform a combined analysis of fossils, morphology and 
molecules to determine its relationships, and discuss the implications of the new fossil on 
the character evolution, developmental trajectory and biogeography of the Sirenidae. 
 
Stratigraphy and Taxonomy of Mesozoic salamanders from northern China 
 
 Mesozoic salamander fossils are yielded from various localities of western 
Liaoning, northern Hebei, and southern Inner Mongolia of northern China (Figure 4-1). 
The ages of these fossil beds ranges from Middle Jurassic (~165 Ma, Bathonian) to Early 
Cretaceous (~122 Ma, Aptian) (Liu et al., 2006, Gradstein et al., 2005; Chang et al., 
2009a,b; Figure 4-2). The geologically oldest known record is from the Middle Jurassic 
Haifanggou (Jiulongshan) Formation, exposed at the Daohugou site (see below) near 
Ningcheng, in southern Inner Mongolia, and the youngest record is from the Early 
Cretaceous Yixian Formation, exposed at the Xintaimen site near Huludao, in western 




Figure 4-1. Map showing major localities of Chinese Mesozoic salamander fossils in 
western Liaoning Province, northern Hebei Province, and southern Inner Mongolia. 
Jurassic localities are denoted with black diamonds and Cretaceous localities are denoted 
with solid triangles (from Gao et al., 2012). 
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Figure 4-2. . Composite sections showing the stratigraphic occurrences and regional 
correlations of some Chinese Mesozoic salamander fossil localities in western Liaoning 
Province, northern Hebei Province, and southern Inner Mongolia (from Gao et al. 2012). 
Stratigraphic data and isotopic dates compiled from various sources: Jurassic formations 
from Chang et al. (2009b), Liu et al. (2006), Wang et al. (2004) and Cretaceous 
formations from Bi and Yang (1992), Chang et al. (2003), Chang et al. (2009a), He et al. 
(2006), Ke and Guo (1997), Niu and Tian (2008). 
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Middle Jurassic salamanders – The fossil beds exposed at the Daohugou site 
(N41°18’50”/E119°13’45”) consist of pale-grey tuffaceous shales and mudstones 
interceded with tuffs (Liu et al. 2004, 2006; Gao and Ren 2006). The Daohugou fossil 
beds originally were interpreted as part of the Lower Cretaceous Yixian Formation 
(Wang et al. 2000; Wang and Rose 2005), but have been re-interpreted as belonging to 
the Middle Jurassic Haifanggou (Jiulongshan) Formation, supported by a radiometric 
date of 164–165 Ma from rock samples collected from a horizon about 20 m above the 
fossil-bearing shales (Chen et al. 2004; Liu et al. 2006; Gao and Ren 2006; Yang and Li 
2008). Along with other vertebrate, abundant invertebrate, and plant fossils, the 
Daohugou locality has yielded exceptionally well-preserved fossils of several salamander 
taxa. The neotenic salamander Chunerpeton (Figure 4-3A, B) was reported as the earliest 
record for the Cryptobranchidae so far (Gao and Shubin 2003). Jeholotriton (Figure 4-
3C) is another neotenic salamander, but of uncertain affinities at the familial level (Wang 
and Rose 2005). A third taxon from the Daohugou site, Liaoxitriton daohugouensis 
(Wang 2004), is known by two specimens, both catalogued in the IVPP collections. It 
was reported as a small metamorphosed salamander con-generic with Liaoxitrition 
zhongjiani (see below) from the Lower Cretaceous Yixian Formation of Xintaimen, 
western Liaoning Province (Wang 2004), but more diagnostically informative specimens 
are needed to verify the taxonomic identity of Liaoxitrition daohugouensis.  
Salamander fossils of slightly younger age than those from the Daohugou beds 
have been found at the nearby Reshuitang (meaning “Hot Spring”) locality, 




Figure 4-3. Middle Jurassic salamander fossils from Daohugou (Haifanggou Formation), 
southern Inner Mongolia: A, B, part and counter-part of a referred skeleton of 
Chunerpeton tianyiensis (PKUP V0211); C, referred skeleton of Jeholotriton paradoxus 




Figure 4-4. Middle Jurassic salamander fossil (Pangerpeton sinensis) from Reshuitang 
(Tiaojishan Formation), western Liaoning Province: part and counter-part of referred 
skeleton (PKUP V0218).  
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of Lingyuan, in western Liaoning Province. Fossil beds in the lower part of the 
Tiaojishan (Lanqi) Formation exposed at the Reshuitang locality 
(N41°22’03”/E119°23’27”) consist of pale grey volcanic shales, and have been dated at 
164 Ma using the SHRIMP Zircon-U-Pb method (Liu et al., 2006). Salamander fossils 
from this locality are preserved as natural moulds of skeletons with soft-tissue 
impressions, which is the same mode of preservation as at the nearby Daohugou locality 
(Figure 4-3). Most of the specimens from the Reshuitang beds are Chunerpeton-like 
forms, showing close resemblances with cryptobranchids. The second taxon from this 
locality, Pangerpeton (Figure 4-4), is a small metamorphic salamander that shows quite 
different skull and body proportions from all other salamanders known from the same 
horizon (Wang and Evans, 2006b). Combined phylogeny (Chen et al., 2013) suggests it 
as belonging to crown-group Hynobiidae (Asiatic salamanders). 
 
Late Jurassic salamanders – Salamanders of Late Jurassic age have been found at the 
Guancaishan locality (N41°24’32”/E119°27’13”), approximately 6.5 km northeast of the 
Reshuitang site and 14 km west of the county town of Jianping, western Liaoning 
Province (Figure 4-1). The fossil beds exposed at this locality consist of dark grey, 
tuffaceous shales belonging to the upper part of the Tiaojishan (Lanqi) Formation. 
Trachyandesite rock samples from approximately 35 m above the fossil beds have 
yielded a SHRIMP Zircon-U-Pb date of 157±3 Ma (Liu et al. 2006), which corresponds 
to the Oxfordian stage (Gradstein et al. 2005). Salamander fossils from the Guancaishan 
locality include the Beiyanerpeton (Figure 4-5), the geologically oldest record of the 




Figure 4-5. Late Jurassic salamander fossils (Beiyanerpeton jianpingensis) from 
Guancaishan (Tiaojishan Formation), western Liaoning Province: A, holotype skeleton 
(PKUP V0601); B, referred skeleton (PKUP V0602); both expose the ventral view of the 
body and palatal view of the skull. 
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timing of the split between the Salamandroidea and Cryptobranchoidea, which was a 
major cladogenetic event in salamander evolution. Besides Beiyanerpeton, the new 
species described in this chapter below also comes from this locality. 
The newly discovered localities of Shimenzi (N40°31’52”/E119°29’11”) and 
Mutoudeng (N40°28’35”/E119°23’54”) in Qinglong County, easternmost Hebei Province 
(Figure 4-1), have yielded hundreds of salamander fossils. Like at Guancaishan, 
specimens from Shimenzi and Mutoudeng are preserved as fossilized skeletons, with soft 
anatomical structures rarely preserved. The age of the fossil beds exposed at the two 
localities is still uncertain, although a Late Jurassic age is suggested based on preliminary 
stratigraphic correlation with the Tiaojishan (Lanqi) Formation. The fossils are still under 
study, but at least two new species can be recognized, which shares some derived features 
with modern Salamandroidea (Jia and Gao, pers. comm., 2016).  
 
Early Cretaceous salamanders – In northern Hebei Province, salamander fossils have 
been reported from the Fengshan and Weichang areas (Figure 4-1). From the 
Paozhanggou locality (N41°14’40”/E117°16’29”) approximately 7 km northeast of 
Fengshan, two fossil taxa have been named and described: Laccotriton and Sinerpeton 
(Gao et al., 1998; Gao and Shubin, 2001). Both species are small-bodied and 
metamorphic (mistakenly recognized as being neotenic in Gao and Wang, 2001), sharing 
with modern Cryptobranchoidea the presence of unicapitate ribs. Wang and Evans (2006) 
suggested that Laccotrition and Sinerpeton might represent the same species, but further 
studies are needed to justify this revision. The fossil horizon at the Paozhanggao locality 
was first reported as part of the Xiguayuan Formation (Gao et al. 1998), but was 
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subsequently regarded as part of the Dabeigou Formation (Pang et al. 2006). The age of 
the fossil horizon previously was regarded as Late Jurassic based on geological data then 
available (Gao et al. 1998; Gao and Shubin 2001; Pang et al. 2006), but an isotopic date 
of 133 Ma subsequently obtained from a different section within the same formation 
(Yang and Li 2008; Chang et al. 2009a) indicates an Early Cretaceous (Valanginian–
Hauterivian) age. This revised age estimation places the Fengshan horizon 
stratigraphically below the Yixian Formation (see below), which has a geologic range of 
122–129 Ma (Chang et al. 2009a).   
Regalerpeton was named and described based on a single specimen from 
Daobaziliang (N41°58’23”/E117°33’25”), near Weichang in northern Hebei Province 
(Zhang et al. 2009). The fossil beds at Daobaziliang were reported to be part of the 
Huajiying Formation, and were correlated with the Yixian Formation farther to the east in 
Liaoning Province (Zhang et al., 2009). However, the Huajiying Formation has been 
dated as 133 Ma (Li, 1988), which is older than the dates of 122–129 Ma (Chang et al. 
2009a) for the Yixian Formation; thus, the fossil beds at Daobaziliang are probably older 
than the Yixian Formation and may well be stratigraphically equivalent to the Dabeigou 
Formation (Figure 4-2).  
The geologically youngest record of Mesozoic salamanders in China comes from 
the Xintaimen locality (N40°50’17”/E120°25’56”) near Huludao, in western Liaoning 
Province (Figure 4-1). The salamander fossil-bearing beds at this locality consist of 
organic-rich, dark shales that are lithologically different from the tuffaceous shales at 
other localities and horizons, and thus, indicate a normal lacustrine environment not 




Figure 4-6. Early Cretaceous Liaoxitriton zhongjiani from the Xintaimen locality 
(Yixian Formation), northern Hebei Province: left, nearly complete referred skull 
exposed in dorsal view (PKUP V0300); right, incomplete referred skull of a subadult 
exposed in dorsal view (PKUP V0301) (from Gao et al., 2012). 
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reported as part of the Upper Cretaceous Jiufotang Formation (Dong and Wang, 1998), 
but was later re-interpreted as part of the Yixian Formation (Zhang et al. 2004). Although 
no isotopic date is available for the fossil beds, the age of the Xintaimen beds can be 
estimated as 122–125 Ma based on stratigraphic correlation with the Yixian Formation 
(Zhang et al. 2004). Most of the fossils from this locality and horizon are preserved as 
articulated skeletons, and can be referred to a single genus and species Liaoxitriton 
zhongjiani (Dong and Wang, 1998), with both larval and adult specimens preserved 
(Figure 4-6). Liaoxitriton is a metamorphosed salamander that represents the earliest 
known record of the Hynobiidae (Chen and Gao 2009). 
 
 Overall, the Juro-Cretaceous salamanders from northern China represent both 
major sub-clades of salamanders: Cryptobranchoidea and Salamandroidea. Most of these 
taxa have unicapitate ribs articulated with confluent transverse processes of the 
presacrals, a synapomorphy of the Cryptobranchoidea (Duellman and Trueb, 1994; Frost 
et al., 2006). This includes the earliest cryptobranchid Chunerpeton, early hynobiid 
Liaoxitrition and Pangerpeton, and undetermined taxa Sinerpeton, Regalerpeton and 
Laccotriton. On the other hand, Beiyanerpeton, the new Late Jurassic specimens from 
Qinglong and the new species described below all have the separate nasals and the 
absence of angular in the mandible, characteristic of modern Salamandroidea (Gao and 
Shubin, 2012; pers. obersv.). Presence of diverse cryptobranchoids and salamandroids in 
the Middle Jurassic to the Early Cretaceous of China documents a major speciation 
radiation event. 
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 Both neoteny and metamorphosis developmental pathways are well documented 
in these Juro-Cretaceous salamanders from northern China. Neotenic species are 
characterized by the retention of larval features (e.g., external gills, tail fins and 
hyobranchial apparatus in larval forms) in mature adults (indicated by high degree of 
ossification of skulls, hyobranchial apparatus, and capals/tarsals) (Rose, 2003). Examples 
of mature, neotenic salamanders (Chunerpeton, Jeholotrition, Beiyanerpeton and the new 
taxon described below) are found at three localities: Daohugou, Reshuitang, and 
Guancaishan, all of which are Jurassic in age. Metamorphic species, on the other hand, 
undergo a dramatic morphological change from the larval to adult stage, in which the 
external gills disappear and the skull and hyobranchial apparatus are highly modified. 
Most of the metamorphosed Mesozoic salamanders (Liaoxitriton, Laccotriton, 
Sinerpeton, and Regalerpeton) are known from Lower Cretaceous localities (Fengshan, 
Xintaimen, and Weichang), although two taxa (Pangerpeton and Liaoxitriton) are also 
known from the Middle Jurassic beds. The presence of both developmental pathways in 
these early crown salamanders has great implications on in studying the evolutionary-
developmental biology of salamanders. 
 








Amphibia Linnaeus, 1758 
Lissamphibia Haeckel 1866 
Caudata Scopoli, 1777 
Urodela Dumeril, 1806 
 
Sirenidae Gray, 1825  
gen. sp. nov. 
  
Holotype – PKUP-JP0006 (Figure 4-7A), a nearly complete skeleton in dorsal view, 
preserved in dark grey, tuffaceous shales, missing part of the left hind limb and tail.   
 
Referred Specimens – PKUP-JP001 (Figure 4-7B), PKUP-JP0015, PKUP-JP0028, all 
preserved as incomplete skeletons, and from the same locality and horizon with the 
holotype.  
 
Type Locality and Horizon – Guancaishan, near Jianping, Liaoning Province, China. 
Late Jurassic Tiaojishan (Lanqi) Formation. 157±3 Ma (Liu et al., 2006) 
 
Diagnosis – A sirenid based on the combination of: the two nasals separate from each 
other, discrete palatine present, groove on the lateral surface of the dentary, toothed 




Figure 4-7.  New species from the Guancaishan locality (Tiaojishan Formation), western 
Liaoning Province: A, the holotype (PKUP-JP0006), an incomplete skeleton exposed in 
dorsal view; B, referred specimen (PKUP-JP0001a), an incomplete skeleton exposed in 
ventral view.  
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monocupsid. It differs from other sirenids in: dermal sculpture present on the frontal and 
parietal, tooth pedicellate, and rib IV bearing unicinate process. 
 
Description 
  The new fossil is a medium-sized salamander, with a snout-vent length of 117 
mm in the holotype (Figure 4-7A). All specimens are dorsoventrally compressed and 
slightly dislocated during fossilization, resulting in the often non-symmetrical left and 
right sides. No soft tissues are preserved on the holotype or any of the three referred 
specimens, as typical of other salamanders from this locality. Three rows of mineralized 
gill rakers are present posterior to each side of the skull (Figure 4-8), indicating the 
presence of external gills. The haemal arches on the caudal vertebrae are greatly 
elongated (Figure 4-7A), indicating the presence of a tail fin. Coupled with the high 
degree of ossification of the skull and hyobranchial bones suggesting its maturity, the 
new species display features of a typical neotenic salamander.  
 
Skull – The skull is longer than wide and roughly triangular with a pointed snout (Figure 
4-8), easily distinguished from Beiyanerpeton jianpingensis (with a wider and more 
rounded skull, Figure 4-5) from the same locality and horizon. The premaxilla has a 
trianglar alary process (=dorsal process) that articulates with the nasal. The two alary 
processes do not contact along the midline. The pars dentalis of the premaxilla bears 
approximately 17 monocupsid pedicellate teeth (PKUP-JP0015). The maxilla is short, 
extending posteriorly to less than one third of the orbit (Figure 4-8A). The facial process 




Figure 4-8. Line drawings of the skull of the new species: A, dorsal view of the skull 
(PKUP-JP-0006); B, ventral view of he skull (PKUP-JP0001a). The scale bar equals 10 
mm. Abbreviations: d, dentary; exo, exoccipital; fr, frontal; hpb, hypobranchial; lac, 
lacrimal; men, mentomecklian; mx, maxilla; n, nasal; pa, parietal; pal, palatine; pmx, 
premaxilla; pra, prearticular; prf, prefrontal; pro, prootic; pt, pterygoid; q, quadrate; sq, 
squamosal; st, stapes; vom, vomer. 
114	  
articulation surface of the facial process articulates with both the nasal and the prefrontal, 
but not with the frontal. The pars dentalis of the maxilla bears about 15 monocupsid 
pedicellate teeth (PKUP-JP0015). The quadratojugal is absent, similar to all other crown 
salamanders. 
 The nasal is roughly rectangular and separate from each other, leaving a large 
premaxillary fontanelle medially (Figure 4-8A). The separate nasals in the new taxon 
resemble Beiyanerpeton jianpingensis. In living salamanders, the two nasals are in 
articulation in all the Cryptobranchoidea, whereas in some members of the 
Salamandroidea the two nasals are separate, considered as a derived character (Gao and 
Shubin, 2012). The nasal overlaps the frontal posteriorly. The septomaxilla is preserved 
as a small rectangular bone inside the narial, seen in PKUP-JP0028. 
Both the lacrimal and prefrontal are present (Figure 4-8A), which is a 
plesiomorphic condition in salamanders. The lacrimal carries a lacrimal duct that is 
exposed dorsally. It forms the border of the narial, but not the border of the orbit. The 
prefrontal lies posterior to the lacrimal, and articulates with both the nasal anteriorly and 
frontal medially.  
The frontal lies posterior to the nasal. It does not have an anterolateral flange over 
the nasal, but has an anteromedial protrusion, which is covered by the nasal dorsally. In 
the fully-grown adult such as the holotype, the dorsal surface of the frontal is slightly 
domed and its medial part bears small pitted dermal sculpture (Figure 4-8A); in smaller 
specimens (PKUP-JP0015 and PKUP-JP0028), however, the sculpture is absent. The 
medial suture between the two frontals is roughly S-shaped.  
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The parietal develops an anterolateral expansion over the frontal, but does not 
reach the nasal (Figure 4-8A). Posterolaterally, the parietal develops a prominent lateral 
wing over the otic region. In the holotype (PKUP-JP0006), pitted dermal sculptures are 
present on both the dorsal roof and the posterolateral wing of the parietal (Figure 4-8A). 
Extensive dorsal sculptures are also seen in stem salamander Karaurus and some modern 
salamandrids (e.g. Pleurodeles and Tylototriton), but are absent in most salamanders.  
The squamosal is T-shaped, with an extensively expanded proximal head in 
articulation with the crista parotica of the prootic. The squamosal does not meet the 
parietal, nor forms the skull roof (Figure 4-8A), which is a derived condition within 
Urodela. The squamosal reaches the jaw suspensorium laterally, meeting the pterygoid, 
quadrate, and articular. The quadrate is well ossified (Figure 4-8B). The presence of the 
quadrate indicates that the specimen has reached its mature state, because the quadrate is 
among the latest bones to ossify through ontogeny in salamanders (Rose, 2003). 
 In the palate, the two vomers are separate from each other, leaving an internarial 
fenestra medially (Figure 4-8B). A small shelf develops anterior to the vomerine tooth 
row, abutting the pars palatina of the premaxilla. The vomerine tooth row runs parallel 
with the maxillary arch, with approximately 25 monocupsid pedicellate teeth on each side 
(PKUP-JP0015). No choanal notch or postchoanal process is present on the vomer. A 
small posterior shelf of the vomer is developed, articulating with the parasphenoid. The 
cultriform process of the parasphenoid is wide anteriorly, and has a concave anterior 
border (Figure 4-8B). Posteriorly, the lateral alae of the parasphenoid is relatively short 
and narrow antero-posteriorly. The internal carotid foramen is absent on the lateral alae 
of the parasphenoid.  
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Similar to Beiyanerpeton jianpingensis, the palatine is retained as a distinct bone 
posterior to the vomer and anterior to the pterygoid in the new taxon (Figure 4-8). It 
carries monocupsid teeth, but the number is unclear. The presence of a discrete palatine 
in adults is rare in modern salamanders, only seen in the Sirenidae (Trueb, 1993; 
Duellman and Trueb. 1994). In other clades, it either fails to ossify, or fuses with the 
pterygoid quickly after ossification, or is resorbed during metamorphosis (Rose, 2003).  
The pterygoid is triradiate with three rami (Figure 4-8B). The anteromedial ramus 
is long and slender, bearing monocupsid teeth. They form the palatal dentition together 
with the palatine and vomerine teeth. The otic ramus (medial process) of the pterygoid is 
reduced, as a short rectangular process with an edged end, free from contacting the 
parasphenoid. The posterolateral ramus (quadrate process) of the pterygoid is a broad 
wing-like plate that meets the quadrate distally. In Beiyanerpeton jianpingensis, the otic 
ramus of the pterygoid is longer and abuts the lateral alae of the parasphenoid, and the 
posterolateral ramus is not as wide as in the new taxon. 
 The long orbitosphenoid lies laterally to the parasphenoid. No optic foramen or 
oculomotor foramen can be observed on the orbitosphenoid. The prootic, opithotic and 
exoccipital remain as separate elements. The two exoccipitals meet each other medially. 
Both the stapes and operculum are present, which is plesiomorphic in salamanders.
 The ossified hyobranchium consists of the paired hypobranchial I and 
hypobranchial II, and a basibranchial II (Figure 4-9). Both pairs of hypobranchials are 
long, with the hypobranchial I slightly more robust than II. The basibrnachial II is an 
antero-posterior rod with one pair of anterolateral processes and one pair of posterolateral 




Figure 4-9. The ossified hyobranchial apparatus of the new species compared with some 
other modern and fossil salamanders: A, the referred spcimen PKUP-JP0001b, with 
ossified hyobranchial apparatus preserved. B, line drawing of the ossified hyobranchial 
apparatus of the new species. Note the multi-branch basibranchial II (bb2). C, line 
drawing of the ossified hyobranchial apparatus of Chunerpeton tianyiensis (modified 
from Gao and Shubin, 2003, fig. 1). The basibranchial II is claw-shaped with three 
anterior processes, but lacks posterior processes. This is also the case in Beiyanerpeton 
jianpingensis (Gao and Shubin, 2012). D, line drawing of the ossified hyobranchial 
apparatus of modern Siren intermedia (modified from Reilly and Altig, 1996, fig. 3). The 
basibranchial II is also multi-branched, similar to the condition in the new fossil taxon. 
Not to scale. 
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ceratobrachials are ossified. The overall shape and position of the hyobranchial bones 
reflect the larval condition, which uses the hyobranchium to support the external gills 
instead of the lungs or tongue (Deban and Wake, 2000). Three rows of gill rakers are 
present on each side of the skull to provide support for the external gills (Figure 4-8B).  
 
Mandible – The mandible consists of the mentomecklian bone, dentary, prearticular, 
coronoid and articular. This is in sharp contrast with Beiyanerpeton jianpingensis from 
the same locality, which only has the dentary and prearticular in the mandible. The 
symphysis of the mandible is thickened, indicating the presence of the ossified 
mentomecklian (PKUP-JP0001 and PKUP-JP0011). The dentary develops a long groove 
all the way along the lateral surface (Figure 4-7B, 4-8B), probably as a passage for the 
ramulus mandibularis externus branch of the ramus mandibularis cranial nerve V and 
blood vessels (Gardner, 2003). A similar groove is found on the dentary of modern 
sirenid Siren (digimorph.org) and fossil sirenid Habrosaurus (Gardner, 2003), but is 
absent in all other salamanders. The teeth are monocupsid and pedicellate, but the exact 
number is unclear due to preservation. A distinct toothed coronoid is recognized as a thin 
slice of bone lingual to the prearticular (PKUP-JP0001, PKUP-JP0006). It extends from 
the level of the vomer to that of the anterior end of the pterygoid. In modern Urodela, a 
toothed coronoid is only present in the adults of the neotenic clades Sirenidae and 
Proteidae (Trueb, 1993), but absent in other neotenic clades (Cryptobranchidae and 
Amphiumidae) and all metamorphic salamanders. A toothless coronoid is present in the 
Dicamptodontidae. The prearticular has a well-developed coronoid process. A discrete 
angular is absent, probably fusing with the prearticular. The angular is primitively 
119	  
present, wedged posteriorly between the dentary and prearticular in the Cryptobranchidae 
and Hynobiidae. The Salamandroidea, however, have the angular fused with the 
prearticular as a derived condition. Shared with Beiyanerpeton jianpingensis, the absence 
of the angular indicates salamandroid affiliation of the new taxon. A distinct articular is 
identified as a small bone in articulation with the quadrate and pterygoid (PKUP-
JP0015), indicating its mature state as the articular is among the latest bones to ossify in 
salamander ontogeny (Rose, 2003). The jaw suspensorium lies anterior to the atlantal-
skull articulation, characteristic of neotenic salamanders.    
 
Vertebral Column – The vertebral column consists of 16 presacral vertebrae (including 
the atlas), a sacrum, and more than 20 caudal vertebrae. The centrum of the presacral 
vertebra is amphicoelous (Figure 4-10). The atlas lacks transverse processes or ribs. 
Trunk vertebrae develop confluent transverse processes in articulation with ribs. The 
anterior ribs are unicapitate (Figure 4-10), whereas PKUP-JP0028 shows that posterior 
ribs can be occasionally bicapitate. This is different from Beiyanerpeton jianpingensis, 
which has exclusively bicipitate ribs. In modern salamanders, unicapitate ribs occur only 
in the Cryptobranchoidea. The ribs III, IV, V are more robust than the remaining ones. 
Rib IV bears an uncinate process near the distal end for attachment of scapular muscles 
(Figure 4-10). Posterior ribs gradually become shorter and slenderer, reducing into a 
small triangular bone near the sacrum. The sacrum is slightly larger than the presacrals. It 
bears a pair of enlarged and curved ribs for attachment of the pelvis girdle. The first two 
caudal vertebrae bear small ribs. Starting from the third caudal vertebra, the ribs 





Figure 4-10. Photo and line drawing of the vertebral column, pectoral girdle and 
forelimbs of the new species (PKUP-JP0001a). The scale bar equals 10 mm. 
Abbreviations: atl, atlas; hu, humerus; phl, phalange; r, rib; ra, radius; r.up, uncinate 
process of the rib; sc, scapulacoracoid; ul, ulna; v, vertebra. 
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The presence of elongate haemal arches indicate the presence of tail fin in the new taxon, 
as typical of aquatic neotenic salamanders.   
 
Appendicular skeleton – The pectoral girdle is made of the fused scapulacoracoid. The 
coracoid part has a diamond-shaped proximal edge, similar to Beiyanerpeton 
jianpingensis. A deep notch, the incisura coracoidea, is present on the anteromedial part 
of the girdle (Figure 4-10), distinguishing the coracoid part and the procoracoid part of 
the bone (Duellman and Trueb, 1994). The scapula part of the scapulacoracoid has a 
slightly expanded distal end. The humerus has no ventral crest, and has only a slightly 
enlarged epipophyses (Figure 4-10). The ulna and radius are similar in length and width. 
No carpals are ossified. The phalange formula is 2-2-3-2 in manus. In larger specimens 
such as the holotype (PKUP-JP0006), the distal phalange has a rounded, instead of 
pointed distal end. The pelvic girdle is made of the curved ilium and the plate-like 
ischium. No pubis is ossified. The femur lacks a trochanter process as seen in 
metamorphic species. The tibia and fibula are short and similar in length. The fibula has a 
more expanded proximal head, and the tibia a more expanded distal one. No tarsals are 
ossified. The pes has a phalange formula of 2-2-3-3-3. The distal phalange also bears a 
small rounded end, indicating the presence of nails (PKUP-JP0006). 
 
Phylogeny 
Background – The new fossil has a mixture of shared derived characters with 
cryptobranchoids (unicapitate ribs), with salamandroids (separate nasals, absence of 
angular), and plesiomorphic characters (presence of lacrimal and prefrontal, dermal 
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sculpture). More surprisingly, even though the new taxon is not as specialized in 
morphology as modern Sirenidae (Siren and Pseudobranchus), both shared a suite of 
characters that are not shared by most other salamanders, including the presence of a 
discrete palatine; the shape of the basibrachial II; the lateral groove on the dentary 
(shared with modern Siren and fossil sirenid Habrosaurus, but not with 
Pseudobranchus); and the presence of a toothed coronoid (also shared by the Proteidae).    
 However, inclusion of this fossil into the Sirenidae and the implications of the 
new fossil on early salamander evolution are not as straighfoward as it appears, due to the 
problematic relationships of the Sirenidae with other salamander families. With only four 
living species, the Sirenidae are easily distinguished from other salamanders by their 
elongate body, external gills, and complete loss of hindlimbs. A close look at their 
skeletal morphology reveals even more distinct features, to a degree that they were 
excluded from salamanders (Urodele) by some early studies (Linnaeus, 1776; Cope, 
1889; Goin and Goin, 1962). Estes (1965) reestablished the Sirenidae within Urodele, but 
the relationships of them with other salamanders remained controversial. Naylor (1978) 
and Estes (1981) considered Sirenidae as an advanced salamander based on several 
derived morphological characters, whereas other studies (Duellman and Trueb, 1994; 
Sever, 1991; Larson and Dimmick, 1993; Zhang and Wake, 2009) argued them as the 
most basal salamanders. Gao and Shubin (2001) provided the first combined phylogeny 
of the Urodela using morphological and rRNA sequence data, suggesting the Sirenidae 
more crown-ward than the Cryptobranchoidea and forming a monophyletic clade with the 
neotenic Proteidae and Amphiumidae. Some recent molecular phylogenies with nuclear 
and mitochondrial data generally supported the Sirenidae as being a member of the 
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Salamandroidea (Frost et al., 2006; Roelants et al., 2007; Shen et al., 2013, but see Zhang 
and Wake, 2009), but doubted the monophyletic relationships of them with the other two 
neotenic families. Wiens et al. (2005), in particular, indicated that the morphology could 
be misleading in interpreting the relationships of neotenic families, because of the 
potential convergence in some characters resulted from a similar developmental 
pathways. To date, no congruence is reached on the phylogenetic position of the 
Sirenidae, in whether it represents a basal divergence from all other salamanders (Zhang 
and Wake, 2009), a divergence with the other neotenic family Proteidae (Gao and 
Shubin, 2001, 2012; Frost et al., 2006), or a divergence with all other salamandroids 
(Wiens et al., 2005; Shen et al., 2013). 
 
Material and Methods – To gain a better understanding of the new fossil in relationship 
to the evolution of the Sirenidae, I performed a total-evidence phylogenetic analysis on 
higher-level salamander relationships, combining various previous data sources with the 
addition of new morphological information. The data set comprises 36 nuclear DNAs, 15 
mitochondrial DNAs and rRNAs sampled across 17 modern taxa (in some cases, 
different genes were sampled for different species of the same genus), and 114 
morphological characters sampled across 28 salamander taxa (including 11 fossils).  
All the gene sequence data were downloaded from Genbank (Benson et al., 2004), 
and aligned in MUSCLE (Edgar, 2004) with default settings. The 36 nuclear DNAs are 
from Shen et al. (2013), Frost et al. (2006) and Wiens et al. (2005), including BDNF, 
BPTF, CAND1, CXCR4, DET1, DISP1, DNAH3, DOLK, DSEL, ENC1, EXTL3, FAT4, 
FICD, GRM2, H3A, HYP, KBTBD2, KCNF1, KIAA1239, KIAA2013, LIG4, LPHN2, 
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LRRN1, MGAT4C, MIOS, NCX1, PANX2, PDP1, POMC, PPL, RAG1, RAG2, SACS, 
SLC8A3, TTN, and ZBED4. The 15 mitochodrial genes are from Zhang and Wake 
(2009), including 12S, 16S, ATPP6, ATP8, COX1, COX2, COX3, CYTB, ND1, ND2, 
ND3, ND4, ND4L, ND4, and ND6. The morphological characters largely follow Gao and 
Shubin (2012), but also included nine new characters from the palate, hyobranchial 
apparatus and mandible (see Appendix 4-1, characters 106-114). 
The analysis was performed under Maximum Parsimony criterion using POY 
4.1.2 (Varon et al., 2010). The Late Jurassic stem salamander Karaurus (was set as the 
outgroup. All morphological characters were unordered and weighted equally. Both 
substitution and indel costs for gene sequence transformations were set to one. The 
“Search” command is used, which uses a combination of methods including tree building, 
swapping using TBR, perturbation using ratchet and tree fusing, to find the most 
parsimonious trees (MPTs). The total run time was set to two hours. The search ended up 
evaluating 200 independent repetitions with ratchet and fusing for 5239 generations. 
 
Results – The analysis found 44 MPTs with 62916 steps, and the strict consensus is 
shown in Figure 4-11. The general topology of the tree resembles the results of Shen et 
al. (2013) in that the Cryptobranchoidea and Salamandroidea split first, with Sirendae 
occupying the most basal position within the salamandroid radiation. Contrary to Gao 
and Shubin (2012), the three neotenic families Sirenidae, Proteidae and Amphiumidae are 
not monophyletic.  
The placements of the fossils are largely in agreement with that of Gao and 





Figure 4-11. Higher-level relationships (strict consensus) of fossil and modern 
salamanders based on the combined phylogenetic analysis of morphological and 
molecular data. The tree is calibrated based on fossil occurrences. The new Late Jurassic 
fossil taxon is highlighted in red, representing a basal member of the Sirenidae. The fossil 
history of modern genera follows Gao and Shubin (2012, fig. 4). 
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belonging to the Cryptobranchoidea, whereas Beiyanerpeton, Habrosaurus and 
Valdotriton are members of the Salamandroidea. The Middle Jurassic neotenic 
Chunerpeton from northern China is a basal member of the Cryptobranchidae. Different 
from Gao and Shubin (2012), the Middle Jurassic metamorphic Pangerpeton from the 
same locality with Chunerpeton was recovered as a basal hynobiid instead of a basal 
cryptobranchid. The Early Cretaceous metamorphic Liaoxitriton from northern China, as 
first suggested by Chen and Gao (2009), is confirmed as a hynobiid. More interestingly, 
the Late Jurassic salamander Iridotriton from North America is also recovered as a 
hynobiid. Modern Hynobiidae are only distributed in Asia, and hynobiid fossils were 
previously only known from the Cenozoic of Europe outside of Asia. The re-discovery of 
Iridotriton as a hynobiid was first suggested by the morphological phylogeny of Gao and 
Shubin (2012), and is supported by this study. It indicates, contrary to the Asian origin 
hypothesis of the Hynobiidae (Chen and Gao, 2009), that hynobiids might have been 
already been widespread by the Middle-Late Jurassic across North America and Asia. 
The Late Jurassic Beiyanerpeton from northern China was recovered as the most basal 
salamandroid. The new fossil was recovered as a basal member of th Sirendiae, lying 
basal to the Late Cretaceous-middle Eocene fossil sirenid Habrosaurus from North 
America. The Early Cretaceous Valdotriton from Spain is recovered as the basal member 
of the Treptobranchia (all salamanders excluding the Cryptobranchoidea and Sirenidae, 







Our combined phylogeny confirmed the new fossil as a stem sirenid. Modern 
Sirenidae consist of two genera Siren and Pseudobranchus restricted to the North 
America. Before the finding of the new fossil described in this chapter, definite fossil 
sirenids are only known from the Late Cretaceous-Cenozoic of North America (Estes, 
1981; Gardner, 2003). Fragmentary material outside North America has been assigned to 
the Sirenidae before (Yadigari, 1986; Evans et al., 1996), but was later removed from the 
clade (Gardner, 2003).  
 Morphologically, modern sirenids are highly specialized salamanders, with a 
combination of autamorphic characters (Duellman and Trueb, 1994). They include: a 
narrow skull with a pointed snout; the alary process of the premaxilla lying lateral to the 
nasals, edentate premaxilla, the maxilla absent (Pseudobranchus) or highly reduced 
(Siren), multiple rows of the vomerine and palatine teeth, the parasphenoid separating the 
vomers and projecting between the premaxilla; the pterygoid highly reduced, edentate 
dentary, expanded anterior alar process on the trunk vertebrae, and the lack of the pelvic 
girdle and hindlimbs (Trueb, 1993; Duellman and Trueb, 1994; Gardner, 2003). Garnder 
(2003) predicted that stem sirenids are less specialized and less neotenic, and worried that 
as a result they might not be easily recognized as a sirenid. The Late Cretaceous sirenid 
Hadrosaurus is less specialized compared with the modern sirenid in that it has more 
complete and dentate upper and lower jaws (Gardner, 2003). The new fossil taxon from 
northern China is even less specialized and appears rather primitive in appearance, with a 
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well-ossified skull, non-elongate vertebral column, and the retention of pelvic girdle and 
hind limbs. Nevertheless, three unequivocal synapomorphies are shared between it and 
other sirenids: the presence of a discrete palaltine, the lateral groove on the lateral surface 
of the dentary, and the unique shape of a multi-branch bisibranchial II. 
The presence of a discrete palatine: Sirenidae are the only salamanders to retain 
a discrete palatine in adults. In other salamanders, the palatine is either fused with the 
pterygoid to form a palatogterygoid as seen in Proteidae, or completely resorbed in all 
other clades (Trueb, 1993; Rose, 2003). The new fossil, similar to Beiyanerpeton 
jianpingensis, bears a distinct toothed palatine anterior to the toothed anterior ramus of 
the pterygoid. The new fossil is neotenic, retaining larval features in adults, and it might 
be tempting to interpret the presence of palatine as one such larval feature. However, this 
is not the case because no known living neotenic salamander other than sirenids has the 
palatine. The polarity of the presence of the palatine has been tentative due to the 
unknown condition in the stem salamander Karaurus (Estes, 1981). It was treated as a 
primitive condition in Gao and Shubin (2012), for the reason that the palatine was 
primitively present in the Paleozoic temnospondyles. I argue here that the presence of the 
palatine is likely a derived condition within Urodela, because primitive frogs (e.g., 
Ascaphus), which serve better as the outgroup of the Urodela than the more remotely 
related temnospondyles, also lack the palatine.  
Groove on the lateral surface of the dentary: The new fossil bears a long 
groove on the lateral surface of the dentary. A similar groove is also presnet in the fossil 
sirenid Habrosaurus and modern Siren (less obviously in Pseudobranchus). No other 
salamanders are known to possess such a groove. Gardner (2003) argued that this groove 
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probably serves as the passage for cranial nerves and blood vessels, but did not discuss 
the phylogenetic implication on this character. I argue here that the presence of this 
groove is probably a derived character shared by all fossil and modern sirenids. 
Multi-branch basibranchial II (=urohyal): The basibranchial II of the 
hyobranchium is a medial element that is diverse in shape in the adults of modern 
salamanders. In most salamanders, the bone is either completely resorbed (e.g. 
cryptobranchids, amphiumids, some hynobiids and most salamandrids), or is left with 
only the posterior part, the os thyroideum (e.g. ambystomatids, plethodontids, and 
dicamptodons) (Rose, 2003). Proteids have an unmodified rod-like basibranchial II in 
adults (Rose, 2003). Sirenidae are the only salamanders to grow multiple branches on the 
basibranchial II through ontogeny (Reilly and Altig, 1996). The new fossil has an ossified 
basibranchial II with a median rod but also two pairs of branches, a unique pattern shared 
only with modern Sirenidae. Condition in fossil sirenid Habrosaurus is unclear because 
the hyoid is not preserved. No other fossil salamanders or modern salamanders are known 
for a multi-branch basibranchial II.  
 Besides these three unequivocal synapomorphies, the new fossil also shares a few 
derived characters with Sirenidae, which are also shared by or convergently evolved in 
other salamanders. These include the monocupsid teeth (convergent in the Proteidae), the 
presence of a toothed coronoid (convergent in the Proteidae), the internal carotid foramen 
on the parasphenoid absent (shared by most salamandroids), the angular absent (shared 
by all salamandroids). 
 As Gardner (2003) correctly predicted, the morphology of the new species is 
remarkably less specialized compared with either Habrosaurus or modern sirenids. In the 
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skull, the premaxilla, maxilla and dentary of the new taxon all bear pedicellate and 
monocupsid teeth, primitively resembling the most basal salamandroid Beiyanerpeton. 
Modern sirenids have lost marginal dentitions, and the palatal teeth are non-pedicellate, 
similar to other neotenic salamanders (Amphiumidae and Proeidae). Habrosaurus still 
retains marginal dentition, but the teeth are also non-pedicellate. The pedicellate 
condition in the new basal fossil suggests that the non-pedicellate condition is probably 
independantly evolved in the Sirenidae from the other neotenic families. In modern 
salamanders, the postcranial skeleton of the neotenic Amphiumidae, Sirenidae and 
Proteidae (but not Cryptobranchidae) all display an elongate vertebral column and 
reductions of limb bones, so is the case of the fossil amphiumid Proamphiuma. The 
primitive condition in the Sirenidae was previously unclear due to the poorly preserved 
postcranium of Habrosaurus. The new fossil, recovered as more basal to Habrosaurus 
along the sirenid lineage, has a rather plesiomorphic postcranial skeleton without any 
body elongation or reduction of limbs. This indicates that the similar eel-like body plans 
as seen in the Sirenidae, Amphiumidae and Proteidae are a homoplastic trait, probably 
due to the similar neotenic developmental pathways.  
 The new fossil represents geologically the earliest sirenid fossil, and the only 
unequivocal sirenid fossil outside North America. It predates the previous oldest 
Habrosaurus by around 85 million years, and push back the divergence of the Sirenidae 
from other salamandroids to the minimum age of Late Jurassic (Oxfordian, ~157 Ma, Liu 
et al., 2006). Because of the overall paucities of sirenid fossils, the biogeographic 
implications of the new fossil are only tentative, but it shows nevertheless that stem 
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sirenids were present in East Asia in the Late Jurassic, and the evolution of the Sirenidae 
is not restricted to North America.   
 
Evolution of developmental trajectories in early salamanders 
 The combined phylogeny has implications on the evolution of developmental 
trajectories in salamanders. Modern Urodela use three developmental trajectories to 
grow: metamorphosis, neoteny, and direct development (Duellman and Trueb, 1994). The 
direct development is restricted to some members of the Plethodontidae and is clearly a 
derived condition, whereas neoteny and metamorphosis are widely distributed across 
families. Four families are exclusively neotenic: Cryptobranchidae, Sirenidae, Proteidae, 
and Amphiumidae, and at least some members of all other families are neotenic too 
(Duellman and Trueb, 1994; Rose, 2003). In the fossil records, the stem salamanders 
show both metamorphic (e.g. Karaurus) and neotenic species (e.g. Kokartus) (Estes, 
1981; Skutschas and Martin, 2011). Middle-Late Jurassic salamanders from northern 
China show both neotenic (Chunerpeton, Jeholotriton, Beiyanerpeton and the new 
species) and metamorphic species (Liaoxitriton and Pangerpeton), and the Early 
Cretaceous salamanders are dominated by metamorphic species (Gao et al., 2013). 
Although it has long been hypothesized that lissamphibians as a clade evolved through 
neoteny (=paedomorphosis in some literatures) caused by heterochrony within the 
temnospondyls (Schoch, 2002, 2006, 2010; Schoch and Carroll, 2003; Carroll, 2007), the 
primitive developmental modes in the three crown orders, and especially the Urodela, 
remain unclear.  
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 The new combined phylogeny recovered several neotenic taxa occupying more 
basal positions compared with their metamorphic counter parts. In the 
Cryptobranchoidea, the major divergence occurs between the large and neotenic 
Cryptobranchidae (giant salamanders) and the small and metamorphic Hynobiidae 
(Asiatic salamanders). The neotenic Jeholotriton from the Middle Jurassic of northern 
China fails to fall into either crown family, but instead occupies an unresolved position at 
the base of the Cryptobranchoidea, representing a branching event of neotenic forms not 
documented by modern species. As it is now, although two clades within the 
Cryptobranchoidea are neonentic and only one is metamorphic, either developmental 
trajectory may be the primitive condition. But if future studies find Jeholotrition to be 
more basal to the Cryptobranchidae and Hynobiidae, it will suggest that neoteny is the 
primitive conditions. In the Salamandroidea, on the other hand, the neotenic 
Beiyanerpeton (Gao and Shubin, 2012) and Sirenidae (including the new fossil described 
in this chapter) are clearly more basal than the metamorphic fossil (Valdotrition) or 
modern forms (e.g., Ambystomidae, Dicamptodontidae, Salamandridae), suggesting that 
neoteny is the primitive condition in the Salamandroidea.  
 Overall, based on the current understanding on salamander phylogeny and early 
fossil occurrences, I hypothesis that neoteny is more likely to represent the primitive way 
of growing in crown salamanders. However, it is worth noting that – as a complex 
trajectory involving development, evolution and ecology – neoteny should not be 
understood in an over-simplified manner as a single-character optimization problem on 
the cladogram, bur rather be viewed as a module system that provides both restraints and 
opportunities through ontogeny and affects a whole set of related morphological 
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characters. For example, both fossil and modern metamorphic salamanders are 
characterized by a relatively small body size, a restricted number of trunk vertebrae 
(usually less than 24), and sub-equal and well-developed fore- and hind limbs (Duellman 
and Trueb, 1994). Neotenic salamanders, in sharp contrast, are not restrained by the 
“terrestrial stereotype”, and can grow to a surprisingly large body size (over 1520 mm in 
the cryptobranchid Andrias davidianus compared with the normal sizes of 50-500 mm of 
metamorphic taxa, Amphibiaweb.org, 2015), or have a extremely elongate vertebral 
column (number of trunk vertebrae: 32-42 in the Sirenidae; 60-64 in the Amphiumidae; 
and 16-36 in the Proteidae). The individual morphological characters themselves are not 
necessarily homologous, but are all “unlocked” by the same developmental trajectory (a 
term called “deep homology”, Shubin et al., 2009).   
 
Conclusions 
 In this chapter, I reviewed the distribution, stratigraphy and taxonomy of the 
Middle Jurassic-Early Cretaceous salamander fossils from northern China, described a 
new Late Jurassic taxon related to the modern Sirenidae, and performed a combined 
phylogenetic analysis of higher-level salamander relationships. The conclusions are: 
 
1. The Mesozoic salamanders from northern China are distributed in the western 
Liaoning Province, northern Hebei Province and southern Inner Mongolia. The 
ages of the fossils ranges from approximately 165 Ma to 122 Ma. 
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2. These fossils are taxonomically diverse, representing the earliest members of 
several crown clades, including the Cryptobranchidae, Hynobiidae, 
Salamandroidea and Sirenidae.  
3. Both neoteny and metamorphosis are evident in these fossils. The Jurassic taxa 
are characterized by both developmental trajectories, whereas the Cretaceous taxa 
only show metamorphic forms. 
4. A new fossil species is described based on four well-preserved specimens from 
the Late Jurassic Tiaojishan (Lanqi) Formation of Guancaishan locality, Jianping, 
Liaoning Province. The new species show three unequivocal synapomorphies 
with modern sirenids: the presence of the palatine, the multi-branch basibranchial 
II, and the dentary groove. The affliation of the new fossil with the Sirenidae is 
confirmed by the combined phylogenetic analysis. 
5. Neoteny probably represents the primitive mode of growing in crown 
salamanders, evidenced by the basal phylogenetic positions and early appearances 
of neotenic fossils.   
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Chapter 5 Phylogeny and Biogeography of the Asiatic Salamanders (Caudata: 




Represented by 64 species, the Hynobiidae are the third largest modern 
salamander family (only next to the Plethodontidae and Salamandrida), and the most 
diverse salamander family in Asia. Modern Hynobiidae are distributed all over Asia, 
from Japan, Korea and China in the east, across Central Asia and Ural Mountains, to Iran 
in the west (Estes, 1981; Duellman and Trueb, 1994; Amphibiaweb, 2015). One species, 
Salamandrella keyserlingii extends its distribution to European Russian (Amphibiaweb, 
2015). Fossil hynobiids are known as early as Middle Jurassic from northern China (Chen 
et al., 2013; Figure 5-2), but potential hynobiid fossils (Iridotriton, Evans et al., 2005) 
were probably also present in the Late Jurassic Morison Formation of North America 
(Gao and Shubin, 2012; Chapter 4). More work needs to be done to determine the 
phylogenetic and biogeographic implications of Iridotrition on early hynobiid evolution. 
Possible fossil hynobiids were also reported from the Neogene and Quaternary of 
Hungary (Venczel, 1999). But these fossils are preserved as isolated vertebrae and limb 
bones and lack any hynobiid snyapomorphies mentioned above, and therefore prevent 
further discussion on their implications on hynobiid evolution. 
With a small to medium body size and common metamorphic lifestyle, hynobiids 
are unremarkable in morphology, and have long been considered to represent the most 
basal salamanders before the prevalence of cladistics (Dunn, 1922; Noble, 1931; Regal, 
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1966). Previous phylogenetic analyses generally recognized close relationships of the 
Hynobiidae with the Cryptobranchidae (giant salamanders), due to the shared derived 
characters of the fusion of ceratobranchial I and hypobranchial I, the fusion of m. 
puboischiotibialis and m. pubotibialis, and unicapitate ribs (Duellman and Trueb, 1994; 
Gao and Shubin, 2001; Frost et al., 2006). However, the monophyly of the Hynobiidae 
was still frequently questioned due to the lack of diagnosable synapomorphies (Estes, 
1981; Milner, 2000; Frost et al., 2006, Amphibiaweb, 2015). This is largely due to two 
reasons: first, the skeletal morphology of many modern and fossil hynobiid species was 
not well understood, especially in the context of a comparative taxonomy. Second, the 
previous morphological matrix (Zhao and Hu, 1984; Duellman and Trueb, 1994; Gao and 
Shubin, 2001) did not sample characters that are most specialized in the Hynobiidae, 
expecially in the hyobranchial apparatus.  
 In this chapter, I provide a new combined phylogeny of the Cryptobranchoidea, 
with an expanded morphological sampling on modern and fossil hynobiids. Inclusion of 
fossil species and more characters in the hyobranchial regions provide new insights on 
the monophyly and synapomorphies of the Hynobiidae. I also provide a discussion on the 
biogeographic history of the clade related to the geological and paleoclimatic history of 
Asia in the Mesozoic and Cenozoic. 
 
 
Material and methods 
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Phylogeny – I built a new morphological data matrix with 31 taxa coded for 52 
characters. Compared with the only other existing morphological matrix of the 
Cryptobranchoidea consisting of six modern taxa with 23 characters (Zhao and Hu, 
1984), the new matrix is more thoroughly sampled in terms of both taxa and characters. 
24 modern hynobiids in all nine genera and all three cryptobranchids in two genera are 
coded based on museum specimens and previous publications. Four cryptobranchoid 
fossils are also included. They are Chunerpeton tianyiensis (Gao and Shubin, 2003) and 
Pangerpeton sinensis (Wang and Evans, 2006b) from the Middle Jurassic of China, 
Liaoxitriton zhongjiani (Dong and Wang, 1998) from the Early Cretaceous of China, and 
Aviturus exsecratus (Gubin, 1991) from the latest Paleocene of Mongolia. Characters 
used in the analysis modified from various sources (Zhao and Hu, 1984; Larson and 
Dimmick, 1993, Duellman and Trueb, 1994, Gao and Shubin, 2001), with the addition of 
13 new characters. All characters are unordered and weigh equally. 
The molecular data consists of 13 mitochondrial genes (ATP6, ATP8, COX1, 
COX2, COX3, CYTB, ND1, ND2, ND3, ND4, ND4L, ND5, and ND6) sequenced by 
Zhang et al. (2006), retrieved from Genbank (Benson et al., 2004). Each partition of the 
genes was aligned in MUSCLE (Edgar, 2004) with default settings.  
The analyses were performed in POY 4.1.2 under maximum parsimony criterion. 
Because the sister-group relationships of the Cryptobranchoidea with the 
Salamandroidea, the plesiomorphic-looking salamandroid Ambystoma tigtrinum was 
selected as the outgroup to root the tree. Two separate morphological runs (with the 
complete and reduced datasets) and 14 separate molecular runs (with each of the 13 genes 
and with the whole molecular data combined) were performed, as well as a whole 
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analysis with all the data combined. Tree searching methods include a standard set of 
Wagner tree building, swap, perturbing, and tree fusing. The bootstrap/jackknife support 
values were calculated for the combined phylogeny. Character optimization was 
calculated using the “report diagnosis” option in POY.  
 
Biogeography – The two MPTs recovered from the combined phylogeny were used in 
RASP 3.2 (Yu et al., 2015) to trace the biogeographic history of the Hynobiidae. Eight 
biogeographic regions were defined based on the geology, geography and ecology of 
Asia: a, Northeast Asia, consisting of northern China and Mongolia, characterized by 
cool, dry, and low-altitude environments; b, Siberia, characterized by extremely cold 
environments; c, southeastern China, characterized by warma and temperate 
environments; d, western China, characterized by cool and high-altitude environments; e, 
Central and Western Asia, characterized by cool, dry and medium-altitude environments; 
f, island of Taiwan, an isolated island environment historically connected with the 
Eurasian plate; g, islands of Japan, an isolated island environment historically connected 
with Eurasian plate; h, North America. S-DIVA methods were used due to the flexibility 
to include/exclude the distributional possibilities. Because of the geographic nature of the 
eight units, the following double-way dispersal paths were set to be impossible: a-e, b-c, 
b-f, c-e, d-f, d-g, e-f, e-g, f-g. Although the outgroup Ambystoma trigrinum is distributed 
only in North America (h), the outgroup distribution was set to “universal” (abcdefgh) to 





Figure 5-1. Relationships of the Cryptobranchoidea as inferred from separate analyses: 
A, Strict consensus from the reduced morphological dataset; B, the single MPT from the 
combined molecular sequence data. Pachyhynobius shangchengensis is colored blue to 




 The strict consensus of the complete morphological analysis yields a comb-like 
tree (not shown here), largely due to the “wild card” status of a few poorly scored taxa. 
When the taxa with less than 40% coding are removed from the matrix, the reduced 
matrix consists of 21 taxa, and yields a fairly well-resolved strict consensus of 64 MPTs 
with a tree length of 94 steps (Figure 5-1A). The monophyly of both the 
Cryptobranchidae and Hynobiidae is confirmed, but the inner relationships of the 
Hynobiidae are not well resolved except that the all the Hynobius species form a clade, 
and that Liua, Pachyhynobius and Batrachuperus form a clade.  
 The separate analysis for each mitochondrial gene yields remarkably different tree 
topologies (not shown here). In some cases (e.g., trees based on ATP6, COX1, COX2, 
COX3, ND1) the monophyly of the Hynobiidae is not supported, whereas in other cases 
(e.g., trees based on CYTB, ND2, ND3, ND4, ND4L, ND5, ND6) this monophyly is 
supported. Combining all mitochondrial gene data into a single analysis, however, yields 
a surprisingly congruent topology with only one MPT of 24358 steps (Figure 5-1B), in 
which the monophyly of both the Cryptobranchidae and Hynobiidae is supported. 
Incongruence occurs between the morphological and combined molecular analyses 
regarding the position of Pachyhynobius shangchengensis. In the molecular tree, it 
occupies a basal position just more crown-ward than Onychodactylus, and the privileged 
position of it with Liua and Batrachuperus as indicated by the morphological tree is not 




Figure 5-2. Relationships (strict consensus) of the Cryptobranchoidea as inferred from 
the combined anlysis of morphology and molecules. Fossil taxa are highlighted with a 
cross sign after their taxon names. The numbers on the branches represent the 
bootstrap/jackknife support values. 
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 The combined analysis of both morphological and molecular data recovers two 
MPTs of 24466 steps, and the consensus is shown in Figure 5-2. The relationships for the 
living taxa are congruent with those of the combined molecular phylogeny (Figure 5-1B). 
The monophyly of the Cryptobranchidae and Hynobiidae is each confirmed. Modern 
giant salamanders Andrias and hellbender Cryptobranchus form sister-groups to each 
other within the Cryptobranchidae, and fossil taxa Aviturus and Chunerpeton lie basal to 
the modern taxa respectively. In the Hynobiidae, Onychodactylus forms the sister group 
to all other modern and fossil hynobiids in the analysis, supporting the results of previous 
molecular analyses (Zhang et al., 2006; Zheng et al., 2011; Weisrock et al., 2013). 
Pachyhynobius is more crown-ward than Onychodactylus, and forms close relationships 
with the two Mesozoic hynobiid fossils Liaoxitriton and Pangerpeton. The placement of 
Pachyhynobius is congruent with the results of Zheng et al. (2011), but differs from 
Zhang et al. (2006) and Weisrock et al. (2013). The third to diverge from all other 
hynobiids are a clade formed by Ranodon and Paradyctylodon, both distributed today in 
Central and Western Asia (Amphibiaweb, 2015). Salamandrella and Pseudohynobius 
form a sister-group relationship, and together they form the sister group to 
Batrachuperus+Liua. Three of them (except Salamandrella) are distributed in the 
southwestern China today, whereas Salamandrella – as the common name “Siberian 
salamander” indicates – are distributed in a large area in the far north of Siberia 
(Amphibiaweb, 2015). Hynobius, the most specious genus in the Hynobiidae, is 
monophyletic. The three taxa H. formosanus, H. arisanensis and H. sonai distributed in 
the island of Taiwan are the most basal members of the Hynobius. The northern China 
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taxa (H. yangi, H. quelpaertensis and H. leechii) are a monophyletic clade, and forms the 
sister group to the southern China clade (H. yiwuensis, H. amjiensis, H. 





Looking for the Morphological Synapomorphies of the Hynobiidae  
 This new combined analysis includes detailed morphological coding for a large 
number of fossil and modern hynobiids not sampled for phylogeny before, and expanded 
the character samplings to include 13 new characters, seven of which are in the previous 
poorly sampled hyobranchial regions. The results confirmed the monophyly of the 
Hynobiidae relative to the Cryptobranchidae. Furthermore, optimization of characters on 
the MPTs recognized four unequivocal synapomorphies for the Hynobiidae as the clade: 
1) partial contact of the two vomers, anteriorly separated by a palatal fenestra; 2) 
presence of “8-shaped” radial loop on the hyobranchial apparatus; 3) close contact 
between the ceratobranchials I and II; 4) subarcualis rectus 1 encasing both 
ceratobranchials I and II.  
 In primitive fossil salamandroid Beiyanerpeton (Gao and Shubin, 2012) and 
modern Ambystoma, the two vomers are separate from each other without medial contact, 
and this is considered as the primitive state in the Cryptobranchoidea phylogeny based on 
outgroup comparison. All hynobiids have the derived condition of two vomers in contact 
posteromedially with a palatal fenestra anteriorly. A second derived condition is seen in 
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the Cryptobranchidae, in which the two vomers are in articulation in their whole length, 
leaving no palatal fenestra. It is worth noting that the derived condition of partial contact 
of the vomers in the Hynobiidae is convergently present in some salamandroid clades 
(e.g., Rhyacotriton, some salamandrids and plethodotids, Duellman and Trueb, 1994, fig. 
13-3). 
 The hyobranchial apparatus in salamanders shows diversified patterns that are 
related to development, evolution, and function (Deban and Wake, 2000; Rose, 2003). 
Studies on the hyobranchial apparatus of hynobiids, in particular, have found three 
characters that are specialized and have notable conformity within the Hynobiidae 
(Cox and Tanner, 1989; Larson et al., 1996; Deban et al., 2001; Rose, 2003). First, all 
hynobiids have thin cartilaginous radial loops forming an “8- shaped” structure and 
connecting the anterior tips of the ceratohyals. The radial loops support the protracted 
tongue of hynobiids for terrestrial feeding (Larson et al., 1996). This is a unique 
terrestrial adaptation of the Hynobiidae neither seen in closely related 
Cryptobranchidae nor in any other salamander families. Character optimization of the 
new analysis confirmed it as a synapomorphy of the family Hynobiidae. Second, the 
ceratobranchial II is ossified as a slender rod closely adherent to the ceratobranchial I 
in the Hynobiidae. The same pattern is universally present in all living hynobiids, and 
was already present in the Middle Jurassic-Early Cretaceous fossil hynobiid 
Pangerpeton sinensis and Liaoxitrition zhongjiani (Figure 5-3). Although ossification 
of the ceratobranchial II occurs in aquatic neotenes (cryptobranchids, sirenids, 
proteids and amphiumids) as well, the condition in hynobiids is characteristic of 





Figure 5-3. Ventral view of fossil hynobiids Liaoxitriton zhongjiani (left) and 
Pangerpeton sinensis (right), highlighting the ossified two pairs of ceratobranchials with 
arrows.  
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subarcualis rectus I muscle encompassing both, a unique specialization among 
salamanders (Cox and Tanner, 1989; Deban et al., 2001). In the Cryptobranchidae, 
the subarcualis rectus I only encases the ceratobranchial I, leaving the ceratobranchial 
II free (Elwood and Cundall, 1994, fig. 13). The functional roles of the ossified 
ceratobranchial II between neotenic salamanders and the hynobiids are different. In 
neotenic salamanders, the ceratobranchial II, together with the other hyobranchial 
elements, serves to expand and contract the mouth cavity for larval suction feeding 
and as the bony support for the external gills (Duellman and Trueb, 1994). In the 
Hynobiidae, however, the external gills are absorbed during metamorphosis. As a 
result, the ossified ceratobranchial II in adults is related to the external gills, but 
instead functions in tongue projection indicated by the encasement of the subarcualis 
rectus I (Deban and Wake, 2000).  
   
Biogeographic History of modern Hynobiidae   
 In this study, the biogeographic history of the modern Hynobiidae was 
reconstructed based on the results of the combined phylogenetic analysis. The result is 
shown in Figure 5-4. The ancestral node of the Hynobiidae (node 1 in Figure 5-4) is 
reconstructed to have the Northeast Asian distribution (Mongolia+northern China). This 
divergence must have occurred before the Middle Jurassic (~165 Ma), due to the 
occurrence of Pangerpeton. Dispersal of early hynobiids to Japan leads to the divergence 
of Onychodactylus japonicus from other Onychodactylus species. The ancestral node of 
the Hynobiinae (all hynobiids except Onychodactylus, node 2 in Figure 5-4) also has a 
Northeast Asian distribution, and is characterized by the dispersal to western China and  
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Figure 5-4. Biogeographic reconstructions of the Hynobiidae. The node numbers on the 
left tree corresponds with the events marked by the same number on the right map. The 
dashed line represents a vicariance event as recognized by the S-DIVA analysis, whereas 
the arrow represents a dispersal event. Abbreviations of regions: a, Northeast Asia; b, 
Siberia; c, southeast China; d, western China; e, Central and West Asia; f, Taiwan; g, 
Japan. 
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Central Asia by the common ancestors of Hynobius, Paradactylodon, Randonon, Liua, 
Batrachuperus, Pseudohynobius and Salamandrella (node 3 in Figure 5-4). The Central 
and Western Asian Paradactylodon+Ranodon lineage became isolated from their eastern 
relatives, probably due to the rise of the Tibetan Plateau and the desertification of the 
Asian interior in the early Cenozoic (Wang et al., 1999; Guo et al., 2002). Another 
vicariance occurred between the high-altitude clade (Batrachuperus, Liua, 
Pseudohynobius, Salamandrellea) dwelling mainly in the southwestern China (except 
Salamandrella) and low-altitude Hynobius dwelling in east China, Korea, and Japan. This 
is probably also due to climate changes caused by the uplift of Tibetan Plateau. Within 
Hynobius, the species dwelling in Taiwan are clearly caused by multiple dispersal events 
throughout the Cenozoic. Without fossil calibrations, the timing of these dispersal events 
remains unclear. Tectonic history of Taiwan indicated multiple land connections of 
Taiwan with Eurasian plates during the Late Cretaceous, early Oligocene-late Oligocene, 
and middle Miocene-Pliocene (Si-Chih, 1985; Teng et al., 2004). The divergence 
between the northern Hynobius clade and the southern Hynobius clade (node 6 in Figure 
5-4) and the divergence of Pseudohynobius and Salamandrella (node 7 in Figure 5-4) are 
both recognized as vicariance events, but the timing and reason for these separations are 
unclear. 
 In general, the biogeographic history of the Hynobiidae is characterized by a few 
dispersal events with an extensive history of vicariance between regions. Despite early 
fossil hynobiids Pangerpeton and Liaoxitrition, fossil hynobiids are not abundant enough 
to provide a reliable timeline of their evolution, and in many cases the cause of these 
dispersals and vicariances can only be inferred from the geological history of Asia at this 
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stage. Nevertheless, it can be speculated that the uplift of Tibetan Plateau, the 
aridification of the Asian interior, the development of monsoon climate in Asia, and the 
subduction history of Japan and Taiwan all have an influence on the evolution the 
Hynobiidae. If more hynobiid fossils are found from the Cenozoic in the future, and 
better divergence time estimation can be applied, the biogeographic history of the 
Hynobiidae will be better understood in relationship with the Earth History.  
 
Conclusion 
 The new phylogeny confirms the monophyly of the Hynobiidae, and indicates 
four derived characters that are shared among all hynobiids. The biogeographic 
reconstruction suggests a Northeast Asian origin of the Hynobiidae, and recognized an 
extensive history of vicariances of clades between different regions. These separations 





 Frogs (Anura) and salamanders (Urodela) are two modern amphibian clades that 
are diverse and widely distributed, each with a deep history dated back to the Mesozoic. 
Recent fossil discoveries, advances in imaging techniques (e.g., micro CT-scanning), and 
ever-growing molecular sequence data have greatly enhanced our understanding on their 
evolution. This dissertation adopts a combined approach with evidence from fossils, 
morphology and molecules to address a few questions on the relationships, character 
evolution and biogeography of frogs and salamanders. Each of the three data sources 




 Fossils provide morphological, biogeographical, temporal and occasionally 
ecological information of extinct forms that are otherwise unavailable from modern taxa. 
This study reported and described three newly discovered fossil frogs and salamanders: 
fossil spadefoot toad Prospea holoserisca (Chapter 1), fossil pipanuran frog 
Gennibatrachus baoshanensis (Chapter 3), and the new Late Jurassic sirenid salamander 
(Chapter 4). It also re-examined two important fossil spadefoot toads (Macropelobates 
orsboni and Scaphiopus skinneri) that were previously understudied (Chapter 1), and 
includes previously existing fossil species (Liaoxitriton zhongjiani, Chunerpeton 
tianyiensis, and Pangerpeton sinensis) into a new phylogeny (Chapter 5). It provides a 
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good example to showcase how fossils enhance or change our understanding on frog and 
salamander evolution 
 The combination of morphological characters as seen in fossil taxa can be very 
different from modern ones, and unveil intermediate or novel conditions not known 
before. For example, the basal pipanuran frog Gennibatrachus (Chapter 3) shows a 
unique combination of eight presacral vertebrae, procoelous centrum and presence of ribs 
II-IV in its vertebral column, which is not known in any modern frogs. Mapping these 
characters onto the tree reveals how frogs gradually acquire a modern body plan. Another 
example is the new Late Jurassic sirenid fossil from China (Chapter 4), which is 
otherwise a general-looking salamander except for three derived characters that are 
uniquely shared with modern Sirenidae. This fills the long expected morphological gaps 
between the highly specialized modern sirenids with other salamanders.  
 The temporal information provided by fossils combined with their phylogenetic 
positions provides a minimum age for the divergence time estimation of modern clades, 
and the geographic distribution of fossil taxa can unveil hidden history that are not 
documented in modern taxa. For example, the earliest definite spadefoot toad Prospea 
from the late Paleocene of Mongolia (Chapter 1, 2) shows that the Pelobatoidea as a clade 
must have diverged into Scaphiopodidae and Pelobatomorpha by 56 Ma. Discovered 
from a region without modern relatives, the East Asian distribution of Prosepa unveiled a 
hidden dispersal history of scaphiopodids from North America to Asia during the 
Paleocene. Similarly, the new Late Jurassic sirenid fossil (Chapter 4) show that the 
Sirenidae must have diverged from other salamandroids by 157 Ma, and the East Asian 
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distribution of the new fossil is not known in any other fossil or modern sirenids, which 
have an exclusive North American distribution.  
 The behavioral and ecological information can sometimes be inferred from 
fossils. Prospea (Chapter 1, 2) bears an enlarged metatarsal prehallux (bony spade) on its 
foot, similar to their modern burrowing relatives (Spea and Scaphiopus). It is probably 
also a burrower not only as indicated by the spade, but also by the extant phylogenetic 
bracket. Many salamanders from the Middle and Late Jurassic of northern China bears 
external gills and tail fins as clear indications of an aquatic lifestyle, whereas taxa from 
the Early Cretaceous do not have external gills but have post-metamorphic hyobranchial 
apparatus, and ossified carpals/tarsals as indication of a terrestrial lifestyle.  
 
2. Morphology 
 As the “classical” approach for taxonomic and systematic studies, comparative 
morphology is still relevant and important in the era of genomics (Jenner, 2004; Wiens, 
2004; Smith and Turner, 2005; Giribet, 2015). As the methods for dating divergence 
advances, robust hypotheses of fossil placements are more and more required (Benton et 
al., 2015). Morphology is the only way to link modern taxa with their fossil relatives, 
enabling the inclusion of fossils in a phylogenetic framework. Furthermore, comparative 
morphology serves the foundation to address macro-evolutionary questions that are 
related to adaptations, behaviors, and functions.  
 In this study, I developed three morphological data matrices are to address 
questions related to character evolution in the context of a combined phylogeny. In 
Chapter 2, I use the morphological dataset of the archaeobatrachian frogs to discuss the 
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evolution of bony spade and burrowing in the Pelobatoidea, and find that the presence of 
the bony spade is convergent between the Scaphiopodidae and Pelobatidae. Furthermore, 
the occurrence of bony is spade in the Scaphiopodidae was likely to evolve before the 
late Paleocene not as an adaptation to aridity; whereas in Pelobatidae the bony spade 
evolved much later in geological time and was possibly an adaptation to the aridity. In 
Chapter 3, the same dataset was used to discuss the evolution of frog body plans. I find 
that the reduction from nine to eight vertebrae occurred before the loss of posterior ribs 
and the shifts from amphicoelous to procoelous centra. In Chapter 4, I use the 
morphological dataset of the salamanders (Urodela) to discuss how the Sirenidae evolved 
from a general morphology to its modern specialized form (see details above). In Chapter 
5, I developed the morphological dataset of the Cryptobranchoidea, and found four 




 Molecular sequence data are easy to acquire, large in number, and can be studied 
in various model-based methods (e.g., Maximum Likelihood, Beyesian). Recent advances 
in molecular phylogeny have greatly changed our view on amphibian evolution in the 
past two decades. For example, Garcı́a-Parı́s et al. (2003), using a phylogeny based on 
mitochondrial DNA, first rejected the monophyly of burrowing spadefoot toads 
Pelobatidae and Scaphiopodidae, a hypothesis held by morphologists for decades. In the 
current practice, two major data sources are used separately or together in amphibian 
phylogeny: nuclear genes (e.g., Shen et al., 2013), mitochondrial genes (e.g., Garcı́a-Parı́s 
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et al., 2003; Zhang et al., 2006; Zhang and Wake, 2009), or both (e.g., Roleants and 
Bossuyt, 2005; Frost et al., 2006; Pyron and Wiens, 2011). Many of these analyses yield 
congruent results with each other, for example, the non-monophyly of burrowing 
spadefoot toads. In other cases, however, incongruence occurs across datasets for 
example, the placement of Sirenidae in salamander phylogeny. 
 This study generated three molecular datasets using existing sequence data in 
Genbank (Benson, et al., 2004), and analyzed them in a combined approach with fossil 
and morphological data. The three datasets are: relationships of archaeobatrachian frogs 
(Chapter 2), higher-level relationships of salamanders (Chapter 4), and relationships of 
giant salamanders and Asiatic salamanders (Chapter 5). The results of the combined 
analyses in most cases are highly resolved and are congruent with previous molecular 
phylogenies. Furthermore, inclusion of molecular data also helps to determine the 
relatships of fossils. For example, the Late Jurassic sirenid fossil from China (Chapter 4) 
has an unresolved polytomy with other salamandroids in the morphology-only analysis, 
but when combined with molecular data, it clusters with other sirenids.  
 
Limitations and Future directions 
 The current study has a few limitations. First of all, taxon and character sampling 
can be further increased. For example, in the archaeobranchian frog phylogeny (Chapter 
2, 3), the sampling for basal Mesozoic fossil frogs is limited to Laurasian taxa without the 
inclusion of many Gondwanan taxa, which hinders the biogeographic interpretations of 
early frog evolutions. Secondly, more fossil discoveries are needed. For example, no 
fossils are known for the Southeast Asian spadefoot toad Megophryidae, and very few 
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Cenozoic fossils are known for the Asiatic salamanders Hynobiidae. The lack of fossils 
prevents a time-calibrated discussion on their evolution and distributional patterns in a 
Maximum Parsimony framework. Thirdly, the current methodology for the phylogeny is 
only based on parsimony. In the future, I will include recently developed model based 
methods (e.g., Heath et al., 2014) to have a better divergence time estimation, which will 
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APPENDIX 2-1 Morphological Chanracters used in the combined phylogeny of 
archaeobatrachian frogs 
 
1. Shape of the skull in dorsal aspect: skull apparently wider than long (0); or 
roughly as long as wide, or longer (1).  
Remarks: Modified from Cannatella (1985, character 1) and Gao and Wang 
(2001, character 1). The length of the skull is measured from the tip of snout to 
the foraman magnum, and the width is measured from its widest part, usually at 
the angle of jaws. In Triadobatrachus the skull is wider than long, and this is 
considered as a primitive condition.   
2. Sculpture on dermal skull roof: absent or only weakly present (0); or present, with 
a pitted pattern (1); or present, with a grooved pattern (2). 
Remarks: Modified from Cannatella (1985, character 3) and Gao and Wang 
(2001, character 2). Triadobatrachus has low irregular rugosities on the anterior 
part of the frontoparietal, but not on other dermal roofing bones (Rocek and Rage, 
2000). Extensive sculpture of dermal skull roof can be seen in Pelobates as 
having a pitted pattern, and in Scaphiopus as having a grooved pattern.   
3. Medial contact of nasals: contact present (0); or contact absent (1); or nasal fused 
medially (2). 
Remarks: Modified from Gao and Wang (2001, character 3). Triadobatrachus is 
reconstructed to have two nasals with a medial articulation (Rocek and Rage, 
2000), and this is considered to be primitive. Condition 1 is seen in living 
leiopelmatids and pelodytids, and condition 2 is seen in Xenopus.  
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4. Anterolateral margin of nasal: nasal with a concave anterolateral margin for 
embracing the narial opening (0); or nasal more circular, with essentially a 
straight anterolateral margin, not embracing the narial opening (1). 
Remarks: Modified from Cannatella (1985, character 5). The polarity is 
tentative, because Triadobatrachus has no anterior part of nasal preserved. In 
Jurassic frog Vieraella and Notobatrachus, the nasal has a concave anterolateral 
margin, so this is considered primitive. Condition 1 is seen in most pelobatoids. 
5. Distinct rostral process of nasal: present (0); or absent (1). 
Remarks: Modified from Gao and Wang (2001, character 5). When present, it is 
a moderately developed process extending anteriorly towards the premaxilla 
along the midline (Cannatella, 1985) and above the septum nasi. Polarity of this 
character is tentative, because Triadobatrachus has no anterior part of nasal 
preserved. Distinct rostral process of nasal is seen in Vieraella and 
Notobatrachus, so it is considered as the primitive condition.   
6. Extent of posterior divergence of nasals: divergence minimal, involving less than 
half the length of nasals (0); or divergence extensive, involving over half the 
length of nasals (1).  
Remarks: Modified from Maglia (1998, character 9). The nasals start to diverge 
posteriorly to variable degree. It can either involve only the posterior most part 
(condition 0), or involve as much as about the whole length of the nasal. The 
posterior edge of nasal in Triadobatrachus stays close to the midline, so the 
minimal divergence is considered the primitive condition. 
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7. Ossification of septum nasi: septum nasi cartilaginous (0); or septum nasi bony 
posteriorly, extending about one-half the length of the nasals (1); or septum nasi 
bony along most of the length of the nasals (2).  
Remarks: Modified from Cannatella (1985, character 15). Polarity is tentative. 
The septum nasi is the midsagittal wall on the sphenethmoid that separates the 
nasal organs from each other. Coding for living taxa follows Cannatella (1985). 
Coding for Gobiates follows Rocek (2008).  
8. Fusion of frontal and parietal: frontal and parietal remain separate (0); or fused to 
form frontoparietal (1). 
Remarks: Modified from Gao and Wang (2001, character 6). The derived 
condition is a salientian synapomorphy (Milner, 1988). 
9. Fusion of two frontoparietal medially in adults: frontoparietal paired without 
fusion (0); or azygous frontoparieal present due to fusion (1). 
Remarks: Modified from Cannatella (1985, character 21) and Gao and Wang 
(2001, character 7). Paired frontoparietal is seen in Triadobatrachus and is 
considered the primitive condition. The azygous frontoparietal is independently 
evolved within pipids and pelobatids. Different from living Pelobates, fossil 
pelobatids Macropelobates and Eopelobates have paired frontoparietals.  
10. Dorsal exposure of frontoparietal fontanelle: fontanelle not exposed (0); exposed 
50% of its length or less (1); or exposed more than 50% of its length (2). 
Remarks: Modified from Cannatella (1985, character 22) and Gao and Wang 
(2001, character 8). Triadobatrachus has no fontanelle exposed dorsally between 
the frontoparietals, and it is considered as the primitive condition.  
177	  
11. Posterolateral process (margo prootica) of frontoparietal: well developed and 
wing-like (0); or poorly developed (1); or completely absent (2). Remarks: 
Modified from Gao and Wang (2001, character 9). The wing-like posterolateral 
process occurs in Triadobatrachus and Prosalirus and is considered as the 
primitive state. Other frogs either have a small process or completely lack the 
process. 
12. Supraorbital flange of frontoparietal: absent (0); or present (1). 
Remarks: Modified from Cannatella (1985, character 25) and Gao and Wang 
(2001, character 10). When present, the supraorbital flange is the lateral 
expansion of the frontoparietal to roof over the orbit. Triadobatrachus lacks such 
a flange, so the absence is considered as primitive.   
13. Contact between frontoparietal and nasal: contact present (0); contact absent (1).  
Remarks: Modified from Maglia (1998, character 4). Triadobatrachus has the 
nasal contacting the frontoparietal, so this is considered the primitive condition.  
14. Formation of prootic-occipital region: by prootic-exoccipital-opisthotic complex 
(0); by prootic-exoccipital without fusion (1); or by fused prootic-exoccipital (2). 
Remarks: Modified from Gao and Wang (2001, character 11). Triadobatrachus 
is reported to have the opisthotic in the ear region, a condition similar with 
salamanders (Rocek, and Rage, 2000). Presence of opisthotic is considered as the 
primitive condition. Other frogs only retain prootic and exoccipital, either as 
discrete elements (as in Notobatrachus, Vieraella, and Ascaphus) or fused 
together. Coding for Gobiates follows Rocek (2008).  
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15. Perilymphatic foraman: double foramina open on medial capsular wall (0); or 
double foramina present on posterior wall of otic capsule (1); only superior 
perelymphatic foramen present (2); or only inferior foramen present (3). 
Remarks: Modified from Gao and Wang (2001, characters 12). In urodeles, the 
perilymphatic foramina are absent on the posterior wall of the otic capsule (open 
on the medial wall, instead).  A similar condition is seen in Ascaphus and 
Leiopelma (Van Eeden, 1951).  A single foramen in Notobatrachus is interpreted 
as the jugular foramen (Báez and Basso, 1996).  Coding this character for Pipa 
concurs with Báez and Pugener’s (1998: appendix 3) data matrix but contradicts 
their incorrect description that both foramina are absent in pipines.  Paterson 
(1960) identified a single foramen (superior perilymphatic foramen) in pipids.   
16. Width of alary process of premaxilla: thin, with one fouth or less width of 
premaxilla (0); one third or greater width of premaxilla (1).  
Remarks: Modified from Maglia (1998, character 12). The polarity is tentative. 
17. Palatine process of premaxilla: absent or barely present (0); or well developed (1). 
Remarks: Modified from Cannatella (1985, character 52) and Gao and Wang 
(2001, character 13). The polarity is tentative due to unknown condition in 
Triadobatrachus. When present, it is a posterior projection from the medial end of 
the pars palatina of the premaxilla. Because the premaxilla in salamanders lacks 
such a projection, the absence is considered as primitive. 
18. Premaxilla-maxilla articulation: posterior process of premaxilla absent (0); or 
present (1).  
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Remarks: Modified Gao and Wang (2001). The polarity is tentative due to 
unknown condition in Triadobatrachus. When present, it is an elongate and 
pointed posterior projection from the pars palatina of the premaxilla. In living 
taxa, condition 1 is seen in Ascaphus, Leiopelma, and probably independently in 
Pipa and Xenopus. 
19. Posterior extent of maxilla: maxilla long, extending posteriorly for most of the 
length of the orbit (0); or maxilla relatively short, not extending posteriorly 
beyond half the length of orbit (1). 
Remarks: Modified from Maglia (1998, character 18). Triadobatrachus has a 
long maxilla extending to the posterior extremity of the orbit, so the long maxilla 
is considered the primitive condition in frogs. In living forms, a short maxilla is 
seen in Pipa, Xenopus, Rhinophryus and Spea. 
20. Premaxilla-nasal articulation: articulation present (0); or articulation lost with 
separation of the two elements (1). 
Remarks: Modified from Gao and Wang (2001, character 15). In salamanders, 
the alary process of the premaxilla contacts or overlaps the nasal, so the contact 
between the two bones is considered primitive.   
21. Prefrontal and anterior margin of the orbit: prefrontal present, maxilla and nasal 
excluded from the anterior margin of the orbit (0); prefrontal lost with maxilla and 
nasal forming the anterior margin of the orbit (1); nasal forming most of the 
anterior margin of the orbit (2); or anterior ramus of pterygoid excluding maxilla 
from the anterior margin of the orbit (3). 
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Remarks: Modified from Gao and Wang (2001, character 16). Prefrontal is 
present in salamanders and Triadobatrachus, so it is considered the primitive 
condition in frog phylogeny. Other frogs either have the nasal alone or the nasal 
together with the maxilla to form the anterior border of the orbit. Bombina is 
unique in having a long anterior ramus of pterygoid to exclude maxilla from the 
margin of orbit. 
22. Quadratojugal: present (0); or absent (1). 
Remarks: Modified from Cannatella (1985, character 62) and Gao and Wang 
(2001, character 17). Polarity of this character is tentative, following Gao and 
Wang (2001) but in contrast with Cannatella (1985). Rocek and Rage (2000) 
cannot decide the presence of quadratojugal in Triadobatrachus.  
23. Shape of squamosal: as a simple horizontal bar (0); or triradiate and T-shaped (1); 
or nontriradiate with loss of zygomatic ramus (2); or funnel shaped in fusion with 
tympanic annulus (3). 
Remarks: Modified from Cannatella (1985, character 40, 41, 42) and Gao and 
Wang (2001, character 18). Triadobatrachus and salamanders all possess a 
horizontal bar-shaped squamosal, and this is considered the primitive condition. 
Most frogs have a triradiate squamosal with an otic ramus, a zygomatic ramus and 
a ventral ramus. In Spea and Rhinophryus the zygomatic process is reduced. In 
Pipa and Xenopus the squamosal is elaborated into a funnel-shaped structure to 
house the columella (Cannatella, 1985), 
24. Squamosal-maxilla contact: absent (0); or contact present (1). 
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Remarks: Modified from Cannatella (1985, character 43) and Gao and Wang 
(2001, character 19). Most frogs have a short zygomatic process that is free from 
bony contact. In living taxa, Discoglossus, Pelobates and Scaphiopus have the 
derived condition. 
25. Expansion of otic ramus of squamosal in lateral view: not expanded (0); or otic 
ramus expanded and deep (1).  
Remarks: Modified from Gao and Wang (2001, character 20). In some taxa, the 
otic ramus of the squamosal is expanded and elaborated to form a lateral wall. 
26. Medial articulation of squamosal: squamosal medially in contact with dermal 
skull table (0); or squamosal not in contact with dermal skull table, but 
articulating with the crista prootica (1). 
Remarks: Modified from Gao and Wang (2001, character 21). Although in the 
holotype of Triadobatrachus, the squamosal and frontoparietal are disarticulated 
from each other, they might be in contact in its original form. 
27. Sphenethmoid: bilaterally paired (0); or single (1). 
Remarks: Modified from Cannatella (1985, character 17) and Gao and Wang 
(2001, character 22). The paired sphenethmoid is seen in living leiopelmatids and 
most microhylids (Van Eeden, 1951; Trueb, 1993). Notobatrachus was reported 
to have a paired sphenethmoid by Báez and Basso (1996), but was questioned by 
Rocek and Rage (2000). We coded this character as “?” in Notobatrachus. 
28. Vomers: present, paired (0); or absent (1), or present, azygous (2).  
Remarks: Modified from Cannatella (1985, character 8, 9). The absent condition 
is a seen in Xenopus tropicalis, Xenopus epitropicalis, Hymenochirus and Pipa 
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(Cannatella, 1985). The azygous condition is seen in some Xenopus (Cannatella, 
1985). 
29. Position of anterior process of vomer: anterior process of vomer lying 
immediately behind premaxilla (0); or lying near premaxilla-maxilla articulation 
(1). 
Remarks: Modified from Gao and Wang (2001, character 23). The condition in 
Triadobatrachus is unknown. In Notobatrachus, the anterior plate-like portion of 
the vomer (anterior process) lies close to the premaxilla, and is more or less 
parallel to the cranial midline.  In all of the other ingroup taxa, the anterior portion 
of the vomer, if well developed, lies adjacent to the premaxilla-maxilla 
articulation. 
30. Postchoanal process of vomer: absent (0); or present, forming wide angle (about 
90-110°) with anterior portion of vomer (1); or present, forming narrow angle 
(about 45°) with anterior portion of vomer (2). 
Remarks: Modified from Gao and Wang (2001, character 24). When present, the 
postchoanal process of vomer forms the posterior border of the internal choana. 
Polarity is tentative due to unknown condition in Triadobatrachus. The 
postchoanal process is absent in Ascaphus and independently in Pelobates. It is 
present and forms a wide angle in Vieraella and Notobatrachus. The angle is 
significantly narrower in In Leiopelma, Bombina, Alytes, Barbourula, and 
Discoglossus. 
31. Elongation of the postchoanal process of vomer: not elongate (0); or elongate (1). 
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Remarks: Modified from Cannatella (1985, character 11). The derived condition 
is only seen in Spea and Scaphiopus. 
32. Palatine: present as discrete element (0); or absent (1). 
Remarks: Modified from Cannatella (1985, character 12) and Gao and Wang 
(2001, character 25). Triadobatrachus has palatine retained as a discrete bone, 
and this is considered as the primitive condition. Coding for Neusibatrachus 
follows Báez and Sanchiz (2007) as absent. Neobatrachians possess the palatine 
as a discrete element. 
33. Anterior terminus of cultriform process of parasphenoid: extending anteriorly to 
the level of the vomers (0); or not reaching the level of the vomers (1).  
Remarks: Modified from Gao and Wang (2001, character 26). The polarity is 
tentative due to unknown condition in Triadobatrachus. 
34. Posterolateral alae of parasphenoid: anteroposterior width of alae equal or greater 
than one-third distance between lateral ends (0); or width narrower than one-third 
distance between lateral ends (1); or alae absent (2). 
Remarks: Modified from Gao and Wang (2001, character 27). The relatively 
narrow posterolateral alae are seen in Triadobatrachus and considered the 
primitive condition. The absent condition is seen Rhinophrynus, Xenopus and 
Pipa. 
35. Posterolateral notch of parasphenoid alae: present (0); or absent (1). 
Remarks: Modified from Gao and Wang (2001, character 28). A notched 
posterolateral edge is present in Triadobatrachus, and is considered the primitive 
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condition. Coding of Pelodytes caucasicus as 0 is based on Figure 17 of Scanchiz 
et al. (2002). 
36. Posteromedial process of parasphenoid: absent, leaving the posterior border of 
parasphenoid straight or concave (0); or present (1). 
Remarks: Modified from Gao and Wang (2001, character 29). Triadobatrachus 
lacks the posteromedial process on parasphenoid, and this is considered the 
primitive condition.  
37. Relationships of parasphenoid and sphenethmoid: two elements separate (0); or at 
least partially fused (1).  
Remarks: Modified from Cannatella (1985, character 33). The derived condition 
is seen in pipids. 
38. Medial ramus of pterygoid: not contacting parasphenoid (0); or contacting 
parasphenoid (1); or medial ramus absent (2). 
Remarks: Modified from Gao and Wang (2001, character 30). In 
Triadobatrachus, the pterygoid and parasphenoid do not contact each other 
(Rocek and Rage, 2000), so the absence of contact is considered the primitive 
condition. Rhinophrynus is unique in lacking the medial ramus. Pelodytes has the 
0 state based on Parker’s plate (Parker, 1880). 
39. Ventral flange of the anterior ramus of the pterygoid: absent (0); or present as a 
ventrally directed flange (1).  
Remarks: Modified from Cannatella (1985, character 36). The derived condition 
is seen in Xenopus, Pipa, Barbourula, and Discoglossus (Cannatella, 1985). 
40. Parahyoid bone: present and single (0); or present and paired (1); or absent (2). 
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Remarks: Modified from Cannatella (1985, character 170, 171) and Gao and 
Wang (2001, character 31). Triadobatrachus has a single parahyoid bone, and this 
is considered as the primitive condition. 
41. Columella: well-ossified columella present (0); or absent (1); or present, but 
reduced in size (2). 
Remarks: Modified from Cannatella (1985, character 45, 46) and Gao and Wang 
(2001, character 32). Triadobatrachus has an ossified columella preserved (Rocek 
and Rage, 2000, fig. 3), so the presence of columella is considered the primitive 
condition. The derived condition is seen in Ascaphus, Leiopelma, Bombina, 
Rhinophrynus and some neobatrachians. The reduced columella is reported to be 
present in Pelobates fuscus and P. syriacus (Cannatella, 1985).   
42. Mentomeckelian bone ossification: present (0); or absent (1). 
Remarks: Modified from Cannatella (1985, character 66) and Gao and Wang 
(2001, character 33). According to Cannatella (1985), the absence of 
mentomackelian is seen in pipoids, due to failed ossification of infrarostral 
cartilage in tadpoles. 
43. Upper marginal teeth: present (0); or absent (1). 
Remarks: Upper marginal teeth are primitively present in Triadobatrachus.  
44. Lower marginal teeth: present (0); or absent (1). 
Remarks: Lower marginal teeth are primitively present in Triadobatrachus. 
45. Occipital foraman: pathway for occipital vessels open on frontoparietal (0); or 
pathway for occipital vessels roofed by bone (1).  
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Remarks: Modified from Maglia (1998, character 5). Coding for this character 
follows Maglia (1998). 
46. Number of presacral vertebrae: 14 or more (0); ten presacral vertebrae (1); 
normally nine presacral vertebrae (2); normally eight or few (3). 
Remarks: Modified from Gao and Wang (2001, character 35).  
47. Fusion of presacrals I and II: fusion absent (0); or fusion present (1). 
Remarks: Modified from Cannatella (1985, character 76) and Gao and Wang 
(2001, character 36). Pelodytes is coded as 0, according to Cannatella (1985) and 
Sanchiz et al. (2001). The derived condition is seen in some pipoids and 
neobatrachians. 
48. Centrum of presacral vertebrae: vertebral centra amphicoelous or notochordal (0); 
or opisthocoelous (1); or procoelous (2). 
Remarks: Modified from Gao ad Wang (2001, character 37). Triadobatrachus 
has amphicoelous centra, and this is considered as the primitive condtion. 
49. Neural arch of presacral vertebrae: completely or weakly imbricated roofing of 
spinal canal (0); or not imbricated with spinal canal partially exposed (1). 
Remarks: Modified from Gao and Wang (2001, character 38). 
50. Morphology of atlantal cotyles: cotyles mostly ventral and narrowly separated by 
notochordal fossa (0); cup-like cotyles displaced laterally and widely separated 
from one another (1); cotyles confluent as a single articular surface (2).  
Remarks: Modified from Gao and Wang (2001, character 39). 
51. Free ribs on presacral vertebrae: free ribs present on all presacral vertebrae (0); 
ribs present on presacral II-V or II-VI (1); or ribs restricted to presacrals II-IV (2); 
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or present on presacrals II-IV till subadult stage (3); free ribs absent in both 
subadults and adults (4). 
Remarks: Modified from Cannatella (1985, character 80) and Gao and Wang 
(2001, character 40). Triadobatrachus has free ribs on all its presacrals and this is 
considered the primitive condition.  
52. Length of transverse process: transverse process of verbetra II longest, or of equal 
length of III and IV (0); or transverse process of vertebra III longest (1); or that of 
IV longest (2).  
Remarks: Modified from Maglia (1998, character 40). Condition 2 is seen in 
living Pipa and Xenopus. 
53. Transverse process of posterior presacral vertebrae: more laterally than 
anterolaterally oriented (0); or essentially anterolaterally oriented (1). 
Remarks: Modified from Gao and Wang (2001, character 41).  Triadobatrachus 
has laterally oriented transverse processes on the posterior trunk vertebrae, and 
this is considered the primitive condition. Most pipoids and pelobatoids (except 
Megophrys) tend to have anterolaterally oriented transverse processes. 
54. Fusion of sacral ribs: remain free from sacral vertebra (0); or fused to transverse 
process of sacral (1). 
Remarks: Modified from Gao and Wang (2001, character 42). Triadobatrachus 
is known to have the sacral ribs free from the sacral vertebra, whereas all the other 
frogs have the two fused together.  
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55. Dilation of sacral diapophysis: slender with little or no dilation (0); or moderately 
dilated and hatchet-shaped, with a convex lateral edge (1); or widely expanded as 
butterfly wing-shaped, with more or less a straight lateral edge (2). 
Remarks: Modified from Cannatella (1985, character 103) and Gao and Wang 
(2001, character 43). The condition 2 is seen in pipids, Pelodytes and Pelobates. 
56. Postsacral vertebrae: caudal vertebrae remain unfused (0); or urostyle present in 
association with discrete caudal between sacrum and urostyle (1); or all postsacral 
vertebrae uniformly modified into single urostyle (2). 
Remarks: Modified from Gao and Wang (2001, character 44). Six caudal 
vertebrae are present in Triadobatrachus (Rocek and Rage, 2000), and the 
presence of unfused caudal vertebrae is considered the primitive condition.  
Notobatrachus has one free post-sacral vertebra, and all the other taxa have all the 
caudal vertebrae fused into the urostyle.  
57. Relative length of urostyle: shorter than combined length of presacral vertebrae 
(0); or as long or longer than combined length of presacral vertebrate (1).  
Remarks: Modified from Maglia (1998, character 46). Triadobatrachus has a 
short tail, with length significantly shorter than the combined length of the 
presacral vertebrae. In case of a fused urostyle, it is shorter than the combined 
length of presacral vertebrae in fossils such as Vieraella and Notobatrachus. So a 
short urostyle is considered as the primitive condition; this is in contrast to the 
polarity in Maglia (1998). 
58. Sacral-urostyle articulation: cartilaginous joint (0); bicondylar (1); monocondylar 
(2); or simply fused (3). 
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Remarks: Modified from Cannatella (1985, character 83) and Gao and Wang 
(2001, character 45). Coding for Barbarula and Bombina as 2 follows Gao and 
Wang (2001). Coding for Megophrys as 0/3 follows Cannatella (1985). Coding 
for Pelobates cultripes as 2/3 follows specimen CM55769, which has a 
monocondylar sacral-urostyle articulation. 
59. Transverse process on postsacral complex: present (0); or fused to a bony web of 
sacral diapophysis (1); or absent (2). 
Remarks: Modified from Gao and Wang (2001, character 46). Condition 1 is 
seen in Spea.  
60. Dorsal Crest on urostyle: absent (0); present, extending to half-length of urostyle 
(1); present, extending to almost the full length of urostyle (2).  
Remarks: Modified from Reilly and Jorgensen (2011). Notobatrachus is reported 
to have a dorsal crest on urostyle (Rocek and Rage, 2000), but it is not clear how 
far it extends back. Therefore we code it as 1/2.  
61. Type of pectoral girdle: arciferal, with the epicoracoid cartilages overlapping one 
another and the sternum attached to the pectoral arch (0); or firmisternal, with the 
epicoracoid fused to some degree along the midline (1).  
Remarks: Modified from Cannatella (1985, character 88). See discussion in 
Duellman and Trueb (1994). 
62. Presence of prezonal element: absent (0); or present as a cartilaginous plate (1); or 
present as a bony style (2). 
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Remarks: Modified from Cannatella (1985, character 85). Polarity is tentative 
due to unknown condition in Triadobatrachus. Condition 2 is known in 
Megophrys (Cannatella, 1985). 
63. Posterior ends or epicoracoid cartilages: not expanded (0); or expanded to the 
level of lateral edge of the sternum (1). 
Remarks: Modified from Cannatella (1985, character 87). The condition 1 is 
seen in Pipa and Xenopus. 
64. Length of scapula: at least half-length of humerus (0); or less than half-length of 
humerus (1). 
Remarks: Modified from Gao and Wang (2001, character 47).  The primitive 
condition is known only in Triadobatrachus, whereas all the other frogs have a 
scapula less than half-length of humerus. 
65. Overall shape of scapula: short and stocky (0); or relatively long, about two to 
three times as long as it is wide (1). 
Remarks: Modified from Cannatella (1985, character 100). Triadobrachus has a 
relatively stocky scapula, and this is considered as the primitive condition. The 
derived condition is known in Rhinophrynus, pelobatoids and neobatrachians. 
Coding for Pelodytes punctatus and P. ibericus as 0 follows Sanchiz et al. (2002). 
66. Leading edge of scapula: leading edge concave (0); or straight (1).  
Remarks: Modified from Gao and Wang (2001, character 48). A concave leading 
edge of scapula is present in Triadobatrachus, and this is considered as the 
primitive condition.  
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67. Anterior overlap of clavicle on scapula: overlap absent (0); or overlap present (1); 
or clavicle and pars acromialis of scapula fused (2). 
Remarks: Modified from Gao and Wang (2001, character 49). Polarity is 
tentative due to unknown condition in Triadobatrachus. Condition 2 is only 
known in Xenopus. 
68. Curvature of long axis of clavicle: straight or only slightly bowed (0); or strongly 
bowed (1). 
Remarks: Triadobatrachus and Notobatrachus all have a relatively straight 
clavicle, and this is considered as the primitive condition.  
69. Sternal end of clavicle: narrower than the body of clavicle (0); or sternal end 
expanded and broader than the body of clavicle (1). 
Remarks: Modified from Cannatella (1985, character 95). According to 
Cannatella (1985), the derived condition is known in Barbarula and Xenopus. 
70. Medial end of coracoid: medial end little or slightly expanded, narrower than 
distal end (0); or medial end of coracoid greatly expanded, wider than the distal 
end, and usually have an arched edge (1). 
Remarks: Modified from Gao and Wang (2001, character 50). Polarity is 
tentative due to unknown condition in Triadobatrachus.   
71. Relative lengths of clavicle/coracoid: clavicle approximately equal in length to 
coracoid (0); or clavicle much longer than coracoid (1).  
Remarks: Polarity is tentative due to unknown condition in Triadobatrachus.  
72. Cleithrum: present and unforked (0); present and forked (1); or cleithrum fused to 
suprascapula (2). 
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Remarks: Modified from Gao and Wang (2001, character 51). Triadobatrachus 
has unforked cleithrum , and this is considered the primitive condition. Coding for 
Spea multiplica as 1 follows Banbury and Maglia (2006, fig. 8).  
73. Bony sternum stylus: absent (0); or present (1).  
Remarks: Modified from Cannatella (1985, character 91). Polarity is tentative 
due to unknown condition in Triadobatrachus. Condition 1 is known in 
Pelobates, Megophrys, Pelodytes and some neobatrachians. 
74. Condition of sternal plate: sternum absent (0); sternum forming elongate rod (1); 
sternum forming semicircle with concave anterior margin (2); or sternum forming 
thin, sickle shape (3).  
Remarks: Modified from Maglia (1998, character 49). Polarity is tentative due to 
unknown condition in Triadobatrachus. 
75. Humeral condyle: single condyle with small diameter less than 60% of distal 
width (0); or single condyle enlarged with diameter greater than 60% of distal 
width (1). 
Remarks: Modified from Gao and Wang (2001, character 52).   
76. Ossification of humeral condyle: condyle unossified (0); or condyle ossified (1).  
Remarks: Modified from Gao and Wang (2001, character 53).   
77. Epipodial elements: remaining as separate elements (0); or fused to form single 
element (1). 
Remarks: Modified from Gao and Wang (2001, character 54). The primitive 
condition is known in Triadobatrachus and Czatkobatrachus.  
78. Free intermedium in carpus: present (0); or absent, by fusion with ulnare (1).  
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Remarks: Modified from Gao and Wang (2001, character 55). 
79. Fusion of distal carpal III and IV with postaxial centrale: absent, distal carpals III 
and IV free (0); or distal carpal IV fused with to postaxial centrale (1); or distal 
carpal III and IV both fused to postaxial centrale (2).  
Remarks: Modified from Cannatella (1985, character 135). Condition 1 is known 
in Pelodytes, and condition 2 is known in neobatrachians. 
80. Length and orientation of ilium: short ilium essentially dorsally directed (0); or 
elongate shaft of ilium anteriorly directed (1). 
Remarks: Modified from Gao and Wang (2001, character 56). This character is 
uninformative in our dataset, because all taxa exhibit state 1. It is kept here in case 
new “intermediate” fossils are found. 
81. Dorsal acetabular expansion of ilium: not extending to dorsal limit of ischium (0); 
or extending to dorsal limit of ischium (1).  
Remarks: Modified from Gao and Wang (2001, character 57). According to Gao 
and Wang (2001), the derived state is known for Alytes and Discoglossus (Clarke, 
1988), Rhinophrynus, and pelobitoids except for Eopelobates (Estes, 1970).] 
82. Dorsal tubercle of ilium: strongly developed as a distinct tubercle (0); or weakly 
developed as a low process (1); or essentially absent (2). 
Remarks: Modified from Cannatella (1985, character 109) and Gao and Wang 
(2001, character 58). Triadobatrachus has a prominent dorsal tubercle right 
before the acetabulum, and this is considered the primitive condition. In most 
other anurans, the tubercle is either present as a low prominence or essentially 
absent. 
194	  
83. Dorsal crest on body of ilium: absent (0); or present, dorsoventrally directed (1); 
or present, laterally directed (2).  
Remarks: Modified from Cannatella (1985, character 104). The dorsal crest on 
the ilium is associated with jumping (Emerson, 1979; Reilly and Jorgensen, 
2011).  
84. Ossification of pubis: pubis remains cartilaginous (0); pubis ossified (1). 
Remarks: Modified from Canatella (1985, character 111). The derived condition 
is seen in Pipa and Xenopus (Canatella, 1985).  
85. Hind limb proportions: similar or only slightly longer than front limb (0); or 
proportionally longer (1). 
Remarks: Modified from Gao and Wang (2001, character 59). The primitive 
condition is known in Triadobatrachus, whereas all the other taxa have the 
derived condition. 
86. Epipubis: absent (0); or present as a large plate (1); or present as a narrow stripe 
(2). 
Remarks: Modified from Cannatella (1985, character 112). Polarity is tentative 
due to unknown condition in Triadobatrachus. Fossil taxa are all coded as 
unknown due to the cartilaginous nature of the epipubis. 
 
87. Condition of ventral crest of femur (crista femoris): absent or poorly developed 
(0); or present (1).  
Remarks: Modified from Cannatella (1985, character 115). Triadobatrachus 
lacks a discrete ventral crest on femur, so the absence of ventral crest on femur is 
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considered as the primitive condition. Ascaphus and Leiopelma are derived in 
having the ventral crest of femur well developed.  
88. Fusion of proximal tarsals: fusion absent (0); or fused at proximal and distal ends 
(1); or completely fused to form a single bone (2). 
Remarks: Modified from Gao and Wang (2001, character 60). Tibiale and 
fibulare is not fused in Triadobatrachus, and this is considered the primitive 
condition. 
89. Number of tarsalia: three or more free elements (0); or only two elements present 
(1).  
Remarks: Modified from Gao and Wang (2001, character 61). 
90. Prehallux: absent (0); or present as small hind foot element (1); or modified as 
bony spade (2). 
Remarks: Modified from Cannatella (1985, character 151) and Gao and Wang 
(2001, character 62). Polarity is tentative due to unknown condition in 
Triadobatrachus. 
91. Shape of prehallux: sub-oval (0); elongate, scaphoid-shaped (1); or cuneiform-
shaped (2).  
Remarks: Modified from Cannatella (1985, character 152).  
92. Consolidation of Cranial Nerve V and VII: three separate foramina occur (0); or 
trigeminal and facial foramina separated by prefacial commissure (1); or 
commissure absent, nerva exit via single prootic foramen (2). 
Remarks: Modified from Gao and Wang (2001, character 63). 
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93. Posture of manus: medial inturning of first finger absent (0); or inturning of the 
first finger present (1).  
Remarks: Modified from Cannatella (1985, character 133) and Gao and Wang 
(2001, character 65). 
94. Depressor mandibulae: consisting of one head or two slightly divided parts witho 
origin from the dorsal fascia (0); consisting of two discrete bellies that are at least 
partially separated by the insertion of the cucullaris (1). 
Remarks: Modified from Cannatella (1985, character 69). Polarity is tentative 
due to unknown condition in Triadobatrachus. Condition 1 is seen in Xenopus 
and Pipa. 
95. Condition of the depressor mandibulae muscle: it originates at least in part from 
the otic region, either from fascia or bone (0); or it originates only from the fascia 
over the suprascapula (1).  
Remarks: Modified from Cannatella (1985, character 70). The derived condition 
is seen in Pelobates, Scaphiopus and Pelodytes (Cannatella, 1985). 
96. Separation of m. semitendinosus from m. sartorius: m. sartorius not completely 
distinct, at least fused to m. semitendinosus to some degree (0); m. sartorius 
completely dinstinct from m. semitendinosus (1) 
Remarks: Modified from Cannatella (1985, character 132).   
97. Presence of accessory head of m. adductor magnus: abent (0); present (1). 
Remarks: Modified from Cannatella (1985: character 122). 
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APPENDIX 2-2 Morphological Matrix used in the combined phylogeny of 
archaeobatrachian frogs 
 
Triadobatrachus massinoti          
000??0?1000000????0?0?0000?????0?00000000?0??0?0000?00000000???000?00??0??0
00001000?0?000???????? 
Czatkobatrachus polonicus     
???????????????????????????????????????????????0?0???10???????????????????010??1
?0??????????????? 






Notobatrachus degiustoi            
000000?101{12}?11001000111001?001010000?1?00000?2?0021?0101000{12}0??1000
001?0??0010?1020?1??0????????? 




Leiopelma hochstetteri   
00111?010220?20?01?1111001001201011101001000?2001220010210000001000001?0
030111010200111101?100000 






Bombina orientalis       
00000101021012101001301001101201111100001000030100200112?2000001011100?1
031111010{01}00100101?1000?0 
Discoglossus pictus        
000000010{12}1012101001201101101201111100110000030100200112110?010101110
001031111011210120101?1000?0 
Eodiscoglossus santonjae            
000001?1001001??100?201001?0????????????0?00?3010?2?01{01}2110?0????1??00?1
????11?102?01?01?1??????? 




Mesophryne beipiaoensis              
000?0??1?????2?0000??01101?0?????11?0?0?000??2020?2?01120?0????10??0010????
110?1?2?01?01?0??0?0?? 
Pipa pipa                  
10011{01}{12}110210221011011300111???10211111201{01}1?31100321122132?101
1001{01}010102?111010021100111?201000 
Xenopus                    
{01}02100011020123101101130011{12}???102111012010103{01}102321122132?101
10120100102?111010021110111?201000 
Rhinophrynus dorsalis    
100000?11021?21?00111020011011?10210020011110301004?1102?12??001101?01?20
01111011200100111?210010 
Palaeobatrachus diluvianus  
10000??110?0?21?00102{01}10011?1??10210?0?00001?312023?0112?12????1?11??1?
1??011{01}?1?2??1?0111??????? 
Neusibatrachus wilferti           
0??????11??0????1?0??0?????01??1021??0?00?0??31202{34}20102112?0???0111000?
????1??1????1???????????? 




Limnodynastes peronii    
10010?0101?0?21?10?12010011011001111?1020101?312114{12}0102112?110110000
101{01}1?11121021?1001{01}1?210011 
Yizhoubatrachus macilentus         
00????0101?1???1010??0?????0????001?01?0000??2?1????0112?12?0???0111001????1
1??1????1??0????0???? 
Pelodytes caucasicus     
00111101001012?10001201001101201110100010001030200411122?2??01011001011?
1??1111111001002?1?210100 
Pelodytes punctatus      
00100001022012?10001201001101201111100010001030201411122?2??01010101011?
1??11?1111001002?1?210100 
Pelodytes ibericus       
00111001022012?10001201001101201111100010001030201411122?2??01010101011?
1??11?1111001002?1?210100 
Megophrys nasuta         
00010?0100?1?2??10?120101010110111110?0200011302004101?2?{03}1?0201100?01
?01??11101?1?0100111?21000? 
Elkobatrachus brocki           
?0?10??10210?2?010??2?????10?????1100?????01130?0?411112120?0??1101001?011?
11??1???01?00?0??1???? 




Spea multiplicata        
00010021021112??1011212001101211111101020001?3020041111203{12}0010110010
01101?1110112001001122?10100 
Spea hammondii           
00110?2102?112??10?121200110?211?1?1010?0001130200411112031001011001001?0
1?11?01?200100??22?10100 
Spea intermontana        
00010021012112??1011212001101211011101020001130200411112032001011001001?
01?1110112001001122?10100 
Spea bombifrons          
00110121021112?01011212001101211111101020001130200411112031001011001001?
01?1110112001001122?10100 
Scaphiopus hurterii      
02010021002102??1001211111101211111101020001130200411?120??001011001001?
01?11?01?200100??21?10100 
Scaphiopus holbrookii    
02010021001102??1001211111101211111101020001130200411112032001011001001?
01?11?011200100??21?10100 




Macropelobates osborni   
010????1001112??????20111110?????1??0?0?0?01?3020?4?1122022?0??11????1?????
11??112011?00?21?1???? 
Eopelobates anthracinus  
00010?21001102???00?20111110?10?111101020?0?13?20?4?1122022????1?00??1??1?
?11??102??1?000???????? 
Pelobates decheni        
010000?1001102???00?201110??????????????????130?0?41?122022?0??1???????0???1
1??1?2?01??0????????? 
Pelobates varaldii       
01000?2110?102??10?120111010100111110?020001130200411122032001011001011?
11?11?01?200100??21?10100 
Pelobates cultripes      
01000121100102?010012011101010011111010200011302004111220{23}20010110?10
11011?1110112{01}01001?21?10100 
Pelobates fuscus          
01000?211011021?100120111{01}101001111101?220011302004111220320010110010
11011?111011200100{01}121210100 








APPENDIX 4-1 New characters added in the combined phylogeny of higher-level 
relationships of salamanders  
(for the original character list, see the supplementary material of Gao and Shubin, 2012) 
 
106. Groove on labial side of dentary: 0) absent or poorly developed; 1) well developed. 
107. Shape of basibranchial II: 0) simple longitudinal rod-shaped; 1) a flattened plate 
with one anterior process and two lateral/posterolateral processes; 2) multi-branching 
occurring on the medial rod; 3) claw-shaped with three anterior/anterolateral processes. 
108. Vomer medial contact: 0) medial contact present; 1) medial contact absent. 
109. Anterior shelf of vomer: 0) absent; 1) present. 
110. Posterior shelf of vomer (post-tooth row shelf, not to be mistaken with the post-
choanal process): 0) absent; 1) present. 
111. Ossification of ceratobranchial I: 0) unossified; 1) ossified. 
112. Ossification of hypobranchial II:0) ossified; 1) unossified. 
113. Nasal-maxilla contact: 0) absent; 1) present. 
114. Ossification of ceratobranchial II: 0) unossified; 1) ossified. 
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APPENDIX 4-2 Morphological matrix for the combined phylogeny of higher-level 



























































































APPENDIX 5-1 Morphological characters used in the combined phylogeny of the 
Cryptobranchoidea 
 
Characters are mainly selected from Zhao and Hu (1984), Duellman and Trueb (1994), 
Larson and Dimmick (1993) and Gao and Shubin (2001). New characters are marked 
with a *.  
1. *Dorsal process of premaxilla: separate, not contacting each other medially (0); 
contacting each other medially (1).  
2. Internarial fenestra: present (0); absent (1).  
3. Maxillary tooth row: extending to the posterior extreme of the maxilla (0); ending 
anterior to the posterior extreme of the maxilla (1). 
4. Lateral expansion of nasal: nasal in same width or slightly wider than frontal (0); 
reduced, much narrower than frontal (1). 
5. Nasal-maxilla contact: absent (0); present (1). Modified from Zhao and Hu (1984): 
character 5. 
6. Lacrimal: present (0); absent (1). 
7. Position of lacrimal relative to external naris: bordering external naris (0); not 
bordering external naris (1). Modified from Zhao and Hu (1984): character 5.  
8. Position of lacrimal relative to orbit: bordering orbit (0); not bordering orbit (1). 
Modified from Zhao and Hu (1984): character 5.  
9. Septomaxilla: present (0); absent (1). 
10. Frontal anterior expansion: frontal not extending lateral to nasal (0); frontal extending 
to lateral border of nasal (1). 
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11. Frontal-maxilla contact: absent (0); present (1).  
12. *Shape of parietal: not expanded posterolaterally to form a boot-shaped process (0); 
expanded posterolaterally to form a boot-shaped process (1). 
13. Parietal-squamosal articulation: present (0); absent (1). 
14. Frontal-parietal fontanelle: absent (0); present (1). Modified from Zhao and Hu 
(1984): character 4. 
15. *Medial contact of vomer: vomers separated from each other completely (0) or partly, 
leaving a palatal fenestra (1); vomers fully contacting, without palatal fenestra (2).  
16. Position of vomerine tooth row: anterior to vomer, or forming the main part of the 
vomer as the case in salamander larva (0); posterior to the vomer, due to the 
development of an anterolateral shelf (1). Modified from Duellman and Trueb (1994): 
character S. 
17. Extension of vomerine tooth row: parallel to maxillary arcade (0); slightly curved and 
transverse tooth row (1); inner branch elongate (longer than the outer branch), and 
even extending posteriorly into parasphenoid (2); very short, inner branch reduced 
(3). Salamander larva has the vomerine tooth row parallel to the maxillary arcade, so 
this is coded as primitive in our analysis. This character is unordered. Modified from 
Duellman and Trueb (1986): character S. 
18. Posterior border of vomer: not notched (0); slightly concave for choana (1).  
19. Shape of pterygoid: triradiate and boomerang-shaped (0); enlarged with distinct 
anteromedial process suturing with parasphenoid (1). 
20. *Pterygoid-maxilla contact: absent (0); present (1). 
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21. Prootic/opisthotic/exoccipital complex: three parts separate (0); opisthotic/exoccipital 
fused with free prootic (1); three parts fused together (2). 
22. *Width of skull: of the same width anteriorly and posteriorly (0); posterior part 
broader (1). 
23. *Anterolateral process on basibranchial I: present (0); absent (1). 
24. *“8”-shaped radial loop on the hyobranchial apparatus: absent (0); present (1). 
Remarks: The loop is present in all living hynobiids but is absent in cryptobranchids. 
This is likely a synapomorphy of crown-group hynobiids. Fossils are coded unknown for 
this character. 
25. *Hypohyal divided into two parts: absent (0); present (1). 
26. Ossification of ceratohyal: not ossified (0); ossified (1). 
Remarks: Ceratohyal is ossified in Batrachuperus, Pachyhynobius and Liua shihi. 
27. Ossification of hypobranchial I: ossified (0); not ossified (1). 
Remarks: Very weak ossification of hypobranchial I is observed in Batrachuperus 
pinchonii and Hynobius leechii. Extensive ossification of it is observed in Pachyhynobius 
shangchengensis and fossil taxon Liaoxitriton and Pangerpeton. 
28. *Cornua on proximal end of hypobranchial I: absent (0); present (1). 
29. Hypobranchial I and ceratobranchial I: not fused (0); fused (1). Condition for Andrias 
is variable in the literature: Fei et al. (2006) unfused and unossified; but Cox and 
Tanner (1989) fused and ossified. Thus, it is treated as 0/1 in the datamatrix. 
30. Ossification of ceratobranchial I: present (0); absent (1). 
31. *Posterior end of ceratobranchial I: straight (0); hook-shaped (1). 
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32. *Contact between ceratobranchial I and ceratobranchial II: contact absent or barely 
contact (0); ceratobranchial II adherent to ceratobranchial I (1). 
33. *Subarcualis rectus I encasing both ceratobranchial I and II (Cox and Tanner, 1989): 
absent (0); present (1).  
34. Presence of ceratobranchial III and ceratobranchial IV into adult: both present (0); 
only ceratobranchial III present (1); both absent (2). Modified from Larson and 
Dimmick (1993): character Q. 
35. Presacral ribs: bicapitate (0); unicapitate (1). 
36. Labial fold in adults: absent (0); present (1). 
37. Lungs: present (0); absent (1). Modified from Zhao and Hu (1984: character 17). 
38. Fusion of m. pubotibialis with m. puboischiotibialis: absent (0); present (1). 
39. Number of toes: five (0); four (1). 
40. Tail length in adults: equal to or longer than snout-pelvis length (0); shorter than 
snout-pelvis length (1). This character is ontogenetically variable. Coding is based on 
adult specimens only. 
41. Tail shape: round (0); or laterally compressed (1). 
42. Number of chromosome: more than 70 (0); 60-70 (1); 50-60 (2); less than 50 (3). 
Modified from Zhao and Hu (1984): character 23. 
43. *Shape of the basibranchial I: not laterally expanded (0); laterally expanded to form 
triangular or rectangular shape (1); greatly expanded to form a wide plate (2). 
44. *Whole body length: less than 50 cm (0); more than 50 cm (1). Modern 
cryptobranchids are significantly enlarged compared to hynobiids. This is the derived 
condition. 
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45. Ossification of hypobranchial II: absent (0); present (1). 
46. Ossification of ceratobranchial II: absent (0); present (1). 
47. Ossication of the urohyal: present (0); absent (1). Karaurus has the urohyle ossified, 
so the presence of the urohyle is considered to be the primitive state. 
48. Number of trunk vertebrae: equal or less than 17 (0); more than 17 (1). 
49. Skull sculpture: present (0); absent (1). 
50. Contact between the dorsal process of premaxilla and frontal: absent (0); present (1). 
51. Angular: present in mandible (0); absent due to fusion (1). 
52. Anterolateral extension of parietal over frontal: absent or barely present, parietal not 
in touch with the prefrontal (0); present, but parietal not reaching the prefrontal (1); 
present, parietal in touch with prefrontal (2). 
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APPENDIX 5-2 Morphological Matrix used in the combined phylogeny of the 
Cryptobranchoidea 
 
Hynobius leechii 
011010100001001121001011001111111210010121011001000 
Hynobius sonani 
111010{01}0000010112100101100111111121001{01}121011??1000 
Hynobius formosanus 
1110000000001011210010?10?1?11?1121001012?011??1000 
Hynobius guabangshanensis 
01101010000???11210010?10?????????100101??011??1000 
Hynobius yiwuensis 
011010100000001121001011001111111210010121011??1000 
Batrachuperus longdongensis 
0010000100010011310011110110110112110110?1011??1001 
Batrachuperus tibetanus 
001000010001001131001111011011111211011011011??1001 
Liua shihi 
0000000000010011110011110110111112110100110110?1001 
Liua tsinpaensis 
000000010001101111001011001011111210010011011??1000 
Onychodactylus fischeri 
0000000000001011110010010010{01}1011210110000011111000 
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Pachyhynobius shangchengensis 
0110101100000011110111110100001112110101110110?1001 
Pseudohynobius flavomaculatus 
0000000000010011110010110010110112100100110110?1000 
Ranodon sibiricus 
000000000001101111001001001011011211010010011001000 
Salamandrella keyserlingii 
010000010001011121001011001111111210011110011001000 
Liaoxitriton zhongjiani 
00000????0001011110000???00?0001?21??100??011?01000 
Pangerpeton sinensis 
00?00000?001001??10000???00?0001?21???01??011?01000 
Chunerpeton tianyiensis 
010101???10100000000?0???00?01????1??101??010001002 
Aviturus exsecratus 
???0?????1?000?12?????????????????1???????1????10?2 
Andrias japonicus 
110111??11100020001010101?1011000110010112111?01002 
Andrias davidianus 
110111??1110002000101010101011000110010112111?01002 
Cryptobranchus alleganiensis 
110101??11100020001010101010{01}1000010010112111?01002 
Ambystoma tigrinum 
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110001??000010011100?0?0????0??0020?000?3?000001112 
 
 
 
 
 
